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SUMMARY

For =anslysis purposes as well as to provide a contribution to the
growing body of 1nformation necessary for continulng improvement in the
design system and understanding of the flow processes through multistage
axlal-flow compressors, the detaililed blade-element performance of a five-
stage axlal-flow compressor 1s presented. The observed element performance
for all rotor and stator blade rows is presented for three welght flows
at five radiael locatlons and speeds of 70, 80, 90, and 100 percent of
design. The observed performance parameters are compared both with the
design values and with quaentitlies computed from more recent considersa-
tions of design varisbles. The stagewise progression of observed radial
gradients of entropy is shown, and the effect of these gradlents on the
radial distribution of axiasl velocity and specific mass flow is considered.

Comparison of the observed performance at design speed with the com-
pressor design values indicates that overcambering of the rotor blades
and an excessive annulus area are Iinstrumental in foreing the compressor
to seek an equilibrium operating condition at a higher than design weight
flow. Under these conditions, 1t i1s likely that the latter stages would
s8tall before.the compressor could be forced to operate at design weight
Tlow. This conclusion verifles similar results obtained from considera-
tions of stagewise variastion of wall static pressures and individual
stage equivalent performance curves. For convenience, the over-sll
compressor performence msp and the lndividusal stage equivelent performance
curves are presented.

INTRODUCTION

In order ta study some of the effects of combining stages with
transonic rotor-inlet relative Mach numbers, a five-stage axial-flow
compressor was designed and built at the NACA Iewis laboratory (ref. 1).
Pertinent design values include a total-pressure ratio of 5 at a specific
welght £low of 31 pounds per second per square foot of frontal area and
an over-agll efficiency of iﬁyyoximately'O.SS. The feasibility of such a
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design 1s reported in reference 2, which presents the over-all performance
of the compressor when operated as a component of a current turbojet
engine. At design speed the compressor produced design pressure ratlo at
a specific welght flow of 32 pounds per second per gquare foot of frontal
area and an efficiency several points lower than the design value.

The next phase of this program was to obtaln the detalled performance
of esch individual blade row. This was accomplished by running three
series of tests, each covering a flow range from compressor choke to
approximate compressor surge or limiting turbine-inlet tempersture for
tip speeds from 70 to 100 percent of design speed. Different stages
were lnstrumented for each serles. These interstage performance tests
are described and the tebulated dste obtalned from the surveys are
presented in reference 3,

The results of the latter phase of this investligatlon were intended
to serve two purposes: (1) 1o analyze the flow occurring throughout
this particular compressor, and (2) to contribute to a body of descriptive
information spplicable to multlstage-compressor design. To achieve these
aims, the detailed (blade-element) performsnce of esch of the five stages
1s presented herein as radiael variations of the conventionally used blade-
element paremeters. The observed parameters sre compared with the values
used in the coumpressor design Cref. 1) and also with values calculated
from more recent design rules. ITllustrations of boundary-layer correction
factors and simplifying sssumptions made to the equilibrium equations as
applled to this particular compressor ere presented.

SYMBOLS
b compressor frontal ares, 2.18 sq ft
Cp specific heat at constant pressure
D diffusion fector
g acceleration due to gravity, 32.17 ft/sec2
H total or stagnation enthalpy
i incidence angle, angle between inlet-azir direction and tangent
to blade mean camber line at leading edge, deg
J mechanical equivalent of heat, 778.2 £t-1b/Btu
Kox welght-flow blockage factor
M Mach nunmber

rotational speed, rpm

SRR
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P total or stagnation pressure
static or stream pressure

gas constant, 53.35 £t-1b/(1b}(°R)

r radius

8 entropy

5 blade spasclng

T total or stagnation tempersture

8) rotor speed, ft/sec

v alr velocity, ft/sec

W welight-flow rate, Ib/sec

B air angle, angle between alr velocity and axial direction, deg

A8 air turning angle, inlet-air angle minus outlet-air angle, deg

T ratio of specific heats

5 ratlio of total pressure to NACA standard sea~level pressure of
2116 1b/sq £t (or 29.92 in. Hg sbe)

8° deviation angle, angle between outlet-air direction and tangent
to blede mean camber line at tralling edge, deg

1 adigbatic efficiency

e ratio of total tempersture to NACA standard sea-level tempersature
of 518,7° R

o] denslty

o solidity, raetio of chord to spacing

] blade camber angle, difference between angles of Tangents to
mean cember line at leading and trailing edges, deg

® total-pressure-loss coefficient

Subscripts:

8 stegnation conditions
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average e
design value

equivalent, indicates that parameter to which it is affixed has
been corrected to that which would be obtained at deslgn speed

hub

i1deal

known

momentum

megsured value

mess~-averaged value

station number (fig. 1)

rotor

reference

stator

tip

unknown

wake

wake rake

axlal direction

tangential direction
bellmouth inlet (fig. 1)
compressor flow-measuring station
compressor first-rotor inlet
two-dimensional cascade value

interstage measuring stations at exlt of first, second, . . .
fifth rotors (fig. 1) S '

[
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4,6,8, interstage measuring stations at exit of firset, second, . . .
10,12 fifth stators (fig. 1)

*® free streem
Superscript:

! relative to rotor

APPARATUS AND PROCEDURE
Experimental Procedure

The spperatus, instrumentation, and procedure used for these tests
are described in .detail in reference 3. DBriefly, the five-~-stage 20-inch-
diameter compressor was run as g compounent of s turbojet engine using
ambient inlet conditions. Three series of tests were run during which
a single stage or several stages were instrumented successively. By
means of a varieble exhaust nozzle, each series of tests covered a flow
range from compressor choke to approximate compressor surge (or max,
turbine-inlet temperature) for speeds of 70, 80, 80, and 100 percent of
design. At equivelent speeds below 70 percent of design, Increased
compressor blade vibrations were observed, and extended operation in
this speed range was deferred. Radil used in the radial swrveys are
listed in table I, and the axial locations of the radial surveys sre shown
in figure 1.

For use in gppraising the relisbility and accuracy of the data re-
ported herein, the following curves are presented:

(1) Comperison of integrated weilght flow at exit of each blade row
with lntegrated welght flow at compressor-inlet flow-measuring
station (station 1, fig. 1) (fig. 2)

(2) Comparison of mess-averaged temperature-rise and momentim
efficiencies (fig. 3)

(3) Comparison of mass-averaged temperature ratios obtained across
rotor with those measured across complete stage (fig. 4)

Calculations and Limitations

The equetions used to compute the blade-element and over-all per-
formance of the stages are presented in the appendix., The only departure
from calculation procedures used in similer blade-element investlgatlons
is the method used to obtain average values of stator-outlet total
pressures used in the celculation of stator blade loss coefficients. As
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used herein, both an average free-stream and average stator-outlet total .
pressures sre computed from the circumferential variation of total pres-
sure obtained from a 19-tube wake rake (Bee ref, 3) according to the

definition
tube 19
P d8 - 8P
tube 1

P~ _ | (1)

RGCY

where . : . - o -
Py pressures from wake rake

a difference between circumferential distance covered by wake rake
and blsde spacing ("a" varies with radius)
P average of several pressure probes located circumferentilally about
compressor gt stator-discharge station

o]

The average stator-outlet total pressure is obtained from equation (1) by
integrating P,,. along the pressure values obtained in the wske, while

the average free~stream total pressure 1s obtalned from the same equation .
by integrating across the wake along a smooth faired curve connecting the
free-stream values of pressure on the two sides of the wake. Figure 5

presents several exsmples of the circumferentilal variation of total pres-

sure obtained from the wake rske illustratlng the free-stream portions cof

flow on either side of the blade wake., ' )

During the procuring and processing of this blade~element dats,
certaln clrcumstances erose that tended to limit the amount and value of
the results. Several of these are discussed brilefly.

The compressor surge and choke limits restricted each individual
blade row to operation over a reletlively small portion of its flow range
at a glven speed, thus limiting the range of performance paremeters es
compared with that obtained from slngle-stage investigations. ‘The range
of operstion of this compressor was further restricted at the higher
compressor speeds, where s limiting tuwrbilne-inlet temperature was in-
curred before compressor surge_(see ref. 2).

The computetlon of hlade-element parameters requires the definition
of a streamline scross the blade row. dJust a8 assumed in the design of
thie compressor (ref. 1), the airflow across each blade row wes assumed
to occur along conlec surfaces, so that & streamline or blade element is
defined by

T -
———=— = constant (2) .
Tt = Th
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where 1r 1is the radius at which the streamline 1ntersects the measuring
plane. The flow parameter computed from date cobtained at the intersection
of the assumed streamline with the lnlet and outlet measuring plane was
then related to a given blade geometry.

The radlal gradlents of temperature and pressure observed in this
investigation Cref. 5) suggest the possibility that mess-flow shifts
which cause a deviation of the asctual flow from the assumed streamline
flow could result in =n erronecus reletlon between the blade geometry
and the airflow parasmeter. This type of error was investigated by com-~
paring the assumed streamlines with those obtained from weight-flow
considerations., The latter streamlines were obtained by computing the
radial distribution of weight flow at each axial survey station as a per-
centage of the total weight flow integrated at that station. A so-called
actual, or true, streamline was then assumed to intersect the measuring
stations at the points of equal percentage of total weighi flow. This
procedure was carried out for a design-speed point, since at this speed
the largest gradients of performance data were observed.

The differences between these two methods of computing streamlines
were then used in conjunction with the data of reference 3 and the methods
of reference 4 to obtaln the effects on relstive total-pressure-loss
coefficients and efficlencies. The small changes in these performance
parameters 1ndicated thet for this investigastlon radial mess-flow shifts
could be neglected as a source of error.

In the calculation of the various blade-element parasmeters, it was
tacitly assumed that the data used represent an average circumferential
value. However, it is realized that, as the lncreased number of blade
rows provide additional sources for sccentuating the unsteadiness and
circumferential variation of the flow, 1t becomes increasingly difficult
to obtain average values of data with the type and number of instruments
used in these tests (ref. 3). It cannot be determined at this time to
what extent the observed deta represent averasge clrcumferentilal values.
This poses probably the most serious qualification of the performance
date obtained downstream of the inlet stage.

PRELIMINARY CONSIDERATIONS

A multistege axial-flow compressor i1s evolved from the compounding
of individuaslly designed rotor and stator blade rows. The current method
of designing an axial-flow-compressor blade involves & process of radielly
stacking individual sirfoll shepes, or blade elements; and the proximity
with which the actual performance spprosches the design is contingent
upon the accuracy with which the change in the veloclty profile across
each of these blade elements can be predicted. The basic information
required by the design theory (especially for high inlet Mach number

NS
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stages) has been supplied principally from the observed flow characteris-
tics measured in single-stage-compressor configurations. The significant
blade-element performance parameters used both for analysle and to support
the design theory employlng this blade-element approach are discussed in
detail.in reference 5.

In addition to the blede-element data mentlioned, the design technique
utilizes certain assumptions and simplificetions to permit solution of the
fundamental flow equations. Reference 6.l1lists and discusses these gim-
plifylng essumptions in detail. In brief, reference 6 simplifies the
calculation of the radial distribution of flow by considering conditions
at axial stations between blade rows where equations for nonviscous axi-
symmetric flow are applied. Methods for considering the effects of wall
boundary layers on required annulus asrea and mass-averaged stage perform-
ance are also presented.

Very little of the useful data available to the designer has been
obteined from multistage-compressor Investigatlions., Consequently, in
the design of the intermedlate and latter stages of a compressor, the
designer hes little experimental evidence from other than inlet-type
stages to guide him in his choice of the quantitative values of the nec-
essary design assumptions. The data presented ‘herein provide the de~
signer with one example of blade-element characteristics as cbserved
through a multistage compressor and give some insight into the applica-

bility of inlet-stage data to the analysis or design of later stages.

PRESENTATION OF RESULTS
Over~All and Stege Performsance

For convenlence, the over-all performsnce and equivalent stage per-
formance plots are reproduced in figures 6 and 7. These results are
discussed in detall in references 2 and 3, respectively.

Blade-Element Performance

Using the previously mentioned streamline definition and the data
presented in reference 3, rotor and staetor blade-element characteristics
were computed for flve stresmline positions egually spaced aecross the
passege. The blade-element charscteristics chosen to present the de-
tailed performance of each of the blade rows are listed in the following
table:

BGEY
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Parameter Rotor | Stator
Incidence angle, i v Vv
Deviation angle, &° v Vv
Relative total-pressure-loss
coefficient, &} v

Wake and complete total-pressure~loss
coefficlent, &, and Ty Vv

Diffusion factor, D (blade-loading

parameter, ref. 7) v v
Retio of outlet to inlet axial veloclty v vV
Inlet Mach number, M v v
Total-pressure ratio, P,/P,_1 Vv
Adisbatic efficlency, 1 Y

Work coefficient, AH/UZ (nondimensionsl
temp. rise, sppendix B of ref. 8) Vv

Because the restricted flow range of the individual blade rows pre-
cluded clear definitions of minimm-loss operating regions, the blade-
element performsnce perameters are plotted against radius (or passage
height) rather than in the conventional form as veriations with incidence
angle., Figures 8 and 9 present radiasl distributlons of these parameters
for the rotor and stator blade rows, respectively, of all stages st
corrected rotor tip speeds of 70, 80, 90, and 100 percent of design. The
three compressor modes of operation represented by the three points at
each radisl position are (1) maximum weight flow (open exhaust nozzle or
min. back pressure), (2) near maximm compressor efficiency, asnd (3)
minimm attainable welght flow (near conmpressor surge or max. turbine-
inlet tempersature).

For comparison and for alding the blade~row performance analysis,
the following quantitles are included where applicgsble In figures 8 and 9:

(1) Design values (ref. 1)

(2) Minimm-loss incidence angles and devistion angles computed
from recently developed design rules of reference 2

The methods of reference 9 for both minimm-loss incidence angles and
deviation angles involve the computation of an angle based on low-speed
two~dimensional-cascade data (iZ-D and BE_D) and a correlastion between

these values and those observed in a three-dimensional-compressor
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environment. Because of the small asmount of deta from stator blades !
with circular-arc mean lines, the stator correlations are very in-

complete; and, consedquently, only the iZ—D and 5%~D for the stator

blades can be presented,

Another method, known as Certer's rule (ref. 10), has been widely
used for computing deviation angles. For the blades used in this
compressor, deviation angles computed by Certer's rule proved to be very
close to those obtained from the method of reference 9 (max. difference
less than 2° for both rotors and stetors); consequently, only the latter
are presented.

85¢P

Figures 10(a) and (b) present, respectively, rotor and stator blade
camber angles., These values may be used in conjunction with the inci-
dence and deviation angles of figures 8 and 9 to obtain any deslred air-
turning angles. . .

Figure 11 shows clrcumferential variations of stator-discharge total
pressure obtained from the wake rake at radlial positions near the compres-
sor hub, illustrating the regilons of increased total-pressure loss found
st this location. ' ' -

The compounding effects of the individual blade-row performance ab
design speed are summarized in figure 12 by a comparison of the design
and measured over-all performance from the compressor inlet to the exit
of each successive blade row, Over-all total-pressure ratlo, total-
temperature-rise ratio, total-density ratio, and axiel velocity ratio
are presented at three radial positions (near tip, mean, and nesr hub)
and compared wlth deslign values. Also, since the derlgn stator-exit
flow was axisl 1in direction and the meessured statar-discharge asngles were
very close to the design, at the stator-exit stations a compsrison of
design and observed stabtic densities is indicated.

For use in discussing consilderations of boundary-layer corrections
and simplifications of the equilibrium equations, figures 13, 14, and 15
present radilal distributions of entropy, specific mass flow pV,, and a

comparison of measured and computed axlal velocities, réspectively.

DISCUSSION COF RESULTS

In general, since the curves of figures 8 and 9 sare self-explanatory
and the individual blade-element parameters have been discussed rather
completely in the numerous single-~stage Investigations, only general
observations are made. : E
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Rotor Blade~Element Performance

Iosses and incidence angle. - Aside from three-dimensional end
effects, the principsl factors that influence the loss across an individual
rotor blade element are listed and discussed in reference 5 as (1) in-
cidence angle of the approaching air, (2) relative inlet Mach number
(compressibility and shock losses), (3) blede loading, and (4) Reynolds
npumber. For this investigation, which was conducted with amblent-air
inlet conditions and which utilized large-chord blades in =all stages, the
Reynolds number based on the blade chord is generally sbove the values
where losses assoclated with Reynolds nmumber become significant.

In general, the loss levels of the inlet stages shown in figure 8
can be explained from some combinstion of the factors listed. For
example, at design speed the tip regions of the first and second rotors
(figs. 8(d)(1) and (2)) exhibit all the flow conditions that tend
toward the incurrence of high losses, including (1) incidence angles
below the computed minimm-loss incidence angle, (2) high inlet relative
Mach numbers, and (3) for the second-rotor row, especially, high diffusion
factors Cblade loading). A comperison of these same reglions at part
speed demonstrates the drop in loss level as the factors influencing the
losses reach less critical values,

An attempt to demonstrate the relative Ilmportance and to provide an
estimate of the megnitude of normal-shock losses resulting from high
surface Mach numbere is presented in reference 11, which employs a
simplified two-dimensional method and & certein assumed wave pattera to
compute blade surface Mech numbers. Assuming that the inlet flow con-
forms to the necessary conditions, calculations lndicate that the inlet
relstive Mach number and blade camber combine to give a surface Mach

number of approximately 1.8 at the tip blade element (16§-percent of

passage height from the outer wall) of both the first- and second-rotor
blsde rows. At these Mach numbers, normal-shock losses alone become
significant, in sddition to the. detrimental effect of the shock on the
blade surface boundary-layer growth,.

Additlonal factors that mey tend to compllcate the loss plcture are
the interaction effects and the losses assoclated with the decay of blade
wakes from preceding blade rows. Consequently, downstream of the first
stage, the losses observed across s given blade row may not be related
entirely to the flow processes @bout a particuler blade row. Reference
12 reports some of the interactlon effects observed behind a single-
stage rotor preceded by a set of lnlet gulde vanes. From the investi-
gation reported herein, no results on these effects can be presented.
However, a summary of observed blade-element losses from all stages at
points nesr the computed minimum-loss incidence angle indicated that, at
the measured blade-loeding levels (diffusion factor), the measured losses
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at all radli fell within the range of loss reported in reference 12,

For this select group of points, tip-element inlet relative Mach numbers
and diffusion factors ranged from 0.75 to 1.00 and from 0.35 to 0.58,
respectively. One exceptlon to this observation was the high loss messured
at the tip element of the fourth stage at desigh speed. However, the

large difference between the average total tempeératures measured in the

tip region at the rotor and stator outlets (see ref. 3) leaves the accuracy
of the rotor loss coefficients computed for this polnt somewhat in doubt.
Unfortunetely, the majority of this summery datas for blade elements oper-
sting in a minimum-loss lncidence angle reglon was necessarily obtained
from test points at lower than design speeds.

Devlatlon anglé, ~ The importance of obtalnling the correct flow
directions at the outlet of each blade row (considered in terms of de-
viation angle herein) is asptly illustrated in reference 5. Quantitative
values of the effects of an error in the blade-outlet flow angle (devia-
tion angle) on energy addition and blade loading (diffusion factor) may
also be computed from plots in reference 4, Both reports indicate the
increased devistlon-angle sensitivity as the relastive Mach number (wheel
speed) and relative air angles sre increased.

At the time this compressor was designed, no rules for computing
devietion angle were known that hsd been proved accurate for this type
of design., Consequently, the deslgn deviatlon angles were obtained from
the small amount of availsble data from the original single-stage tran-
sonlc compressor of reference 8 (see ref. 1).

Differences between the deslgn and measured deviatlon angles at
design speed in figure 8 give an indication of the overfurning Cblade
overcambering) that would have occurred if design incidence angle hed
been attained. Actuelly, the amounts of overturning, or overcambering,
indicated by figure 8 are probably low, sinece, if design incidence had
been met, the losses and consequently the deviation angles would have
been lower, approaching the values computed from the method of reference 9.

Since the deviatlion-engle rule of reference 9 was empirically ob-~
tained from deta observed st a reference or minimum-loss incidence angle,
& compsrison of meassured and camputed deviation angles can be made only
at this particular operating point. However, curves of reference 9 indi-
range the change of deviation angle with incidence angle is expected %o
be very small. In general, figure 8 shows that, for all rotor rows and
et all blade speeds, whenever the observed incidence augles were close
to the computed minimum-loss incidence angles, the cbserved and computed
deviation angles were approximately equal. This indicates that for this
compressor the deviation-angle rule of reference ¢ is applicable to all
stages.

1 892?
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Although either deviastion angle or turning angle can be used for
analysis purposes, in some instances it may be desirdble to know the
turning angle. Using the values of incidence and deviation angles from
figure 8 and camber angle from figure 10(a), any desired turning angle
may be calculated from the equatbion

M=+ 1 - 8° (3)

Blade loadlng. - The paremeter used hereln to indiceate the level of
blade loading is the diffusion factor D developed and discussed in
reference 7 and defined by equation (A4} of the appendix. Curves from
reference 7, which represent a correlation of data obtained from single-
stage investigations where shock losses are not excessive, indicate that
the rotor tip-region diffusion factor 1s the principal determinant of
the blade-row efficiency. Values of tip diffusion factor of 0.35 to
0.45 have been used 1ln design of transonic stages as spproximate limiting
values for acceptablée tip-element efficliency (approx. 0.90 or grester).

Some evidence from other multistage-compressor investigations indi-
cates that, for stages other than the inlet stage, good efficiency (0.90

or greaterj was observed in the tip region for diffusion factors greater

than 0.50. Similar examples may be ngheé<-ffi™the datas presented herein.
In most of these examples, the measured lincidence angle is near (within
approx, 2°) the computed minimum-loss value for the tip section. At
present, however, the dsata are insufficient to determine whether these
examples represent something which is universal or fundamental in nature.

One precautlon necessary when comparing tip-element diffusion Tactors
wlth those obtained from other investigations is to compare the distances
Tfrom the outer wall (usually designated in percent of passage height)
that define the tip element. TFor the investigation reported herein, the
blade element nearest the outer wall at which element performsnce is

presented is lﬁg-percent of the passage helght, whereas the values of

reference 7 were generally from 10 to 12 percent of the passage height
from the ouber wall.

Stator Blade-Element Performance

Losses and incldence angle. - The total-pressure loss assoclated
with the subsonic flow across a stationary blade row is the result of
two separate effects: (1) a. total-pressure loss due to boundaxry-layer
buildup on the blade surfaces (wske loss), and (2) a decrease in free-
stream total pressure due to turbulent mixing of the air leaving preceding
blade rows Cfree-stream.loss). Because of the difficulty of experimen-
tally determining an accurate free-stream total-pressure drop, ounly the
portion of totasl loss from the blade swrface boundary-layer growth was

-
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congidered in the analysis of the few sets of stator blades tested as a
component of a transonic stage. However, as a step towsrd eventually
obtaining & body of information on losses from which some 1nsight into
the prediction of free-stream (mixing) losses msy be obtained, total,
or complete, losses measured across & stator row were also computed.

The wake loss 1s computed from the difference between the average
free-stream total préssuré and the averasge total pressures at the stator
outlet. A detalled description of the method used to compute these
average total pressures at the stator-outlet stations is presented
in the APPARATUS AND PROCEDURE section of this report. The total, or
complete, loss across a stator row is deflned as the difference between
the aversge total pressures messured st the rotor- and stator-outlet
measuring stations. For comparative purpases, these total-pressure losses
are presented in figure 9 in terms of a total-pressure-loss coefficient
(eqs. (AS) and (A6) of the sppendix), defined as the ratio of loss to
inlet dynamic head. At radii where the complete loss across the blade
row was smaller than or equal to the wake loss, only the latter is
presented.

In general, the flow range covered by the stator rows was not large
enough to define minimum-loss incldence angles. However, the portion of
the loss-against-incidence-angle performence curve on whilch each stator
row is opersting and the range of incidence angle over which the verious
stator rows must operste for the range of speeds covered in this investi-
gatlon are indicated 1n figure 9. When considering any relation of
range, incldence angle, and loss, the following design information of
reference 1 should be recalled: B

(1) The first two stages have a circuler-src mean line plus
circulsr-arc pressure and suction surfaces. The maximum thickness
occurs at the 50-percent-chord position for this type of blade,

(2) The last three stages were constructed using a circular-arc
mean line and a modified 65-series thickness dlstrilbution., The maximm
thickness of this type blade occurs at the 4C-percent-chord positilon.
All pertinent blade data are listed in reference 1.

An interesting feature noted during the surveys with the wake rske
at radil near the compressor hub was the presence of regions of low total
pressure (sometimes called "cores") located between the stator blade
wakes. References 13 to 15 present and discuss in detall similar results
observed 1n a compressor cascade., Figure 11 presents a number of examples
of the circumferential variation of total pressure obtained from the wake
gt radii near the compressor hub. All stages had a moving wall except
the f1fth stage, which had a stationary hub.

8S8C%
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Devietion angle. - As discussed in reference 1, the stator deviation
angles were computed from an emplrical rule based principelly on the data
obtained from & low-cambered and a high-cambered set of stator blades
tested in conjunction with the transonic rotor of reference 8, One de-
parture from the rule occurred when it was declded to reduce the solidity
of the second-stage stator row by 10 percent; and, since this row of
stator blades was well along in the design proceedings, new deviation
angles (camber angles) were not incorporated. Use of the lower solidity
would have raised the design deviation angles slightly at all radii.

At points of low loss or points near the computed minimum-loss in-
cidence angles, a comparison of the devistlion angles measured and those
used in the design with those computed from methods of reference 9
(Sg_D) gave the following results:

(1) At tip element:

& > 83_p by approx. 39 o 4°

Bg > 5; p DY &pprox. 1° o 3°

(2) At mean element:
SZ-D

a 2-D
(3) At hub element:

0 < &° . 2°
Sm 2.D by approx

sg < ag_D from approx. 4° in first to 2° in fifth stage
At the hub element of the fourth and fifth stages these values were ex-
ceeded somewhat, possibly because the hub element of these stages extended
into the low-energy (core) regions and affected the angle readings of at
leasst some of the probes. For the reason mentioned esrlier, the compari-
sons of the design deviation angle do not apply to the second stage.

Comparison with Design

The numerous opersting polnts necessery to construct a compressor
performance map were cobtained by successlvely decreasing the engine
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exhaust-nozzle area until either compressor surge or a limiting turbine- -
inlet tempersture was encountered. Following this procedure with the -
engine operating at design speed, an equilibrium opersting condition was
reached at which the compressor produced the over-~-all design total-
pressure ratio (also the limiting turbine temp.). This point, represented o
by the diamond-shaped symbols in figures 8 and 9, was selected far com-

parison with the values used in the compressor design Cref. 1).

In summery, &t this particular operating point the over-all perform-
snce (ref. 2) shawed.that the compressor produced design total-pressure
ratio (spprox. 5) at a higher than design weight flow and a lower than @®
design over-all efficiency. Some insight into the operation of the
individual stages was gained fram the oulber-wall static-pressure varia-
tion (ref. 2) and from the equivalent stage performsnce curves presented
in figure 7 and discussed in reference 3. The curves of figures 8 and 9
probe more deeply into the flow processes at this opersting poilnt by
presenting the performance of a number of blade elements (or streamlines)
along the radisl height of each blade raw.

First stage. - Equation (A3b) of the appendix presents the work co- .
efficient (measure of the energy addition) as a function of the axial
velocity ratio and turning angle for a given ilnlet relative air angle.
Equation (3) then relates the turning to the incidence and deviation
angles. With the higher than design welght flow passing through the
compressor, the first-rotor blade row operated at s lower than design
incidence. angle. However, the reduction in turning resulting from the
lower than design incldence angle is balanced by an overcambering of the
blade (measured deviation angle lower than design), so that the resulting
turning of the alr and axial velocity ratioc combine to produce approxi-
mately the design energy input at all redial locatlons.

The efficiency of a hlade element is a function of both the megni-
tude of loss in total pressures across the element and the work input
level., BSince the blade row produced spproximately the design work input,
at all radii the element efficiency (and pressure ratio) varied according
to the raedial distribution of loss. In the tip region, the observed
losses resulted in below design performance, Single-stage performance
indicates the sharp rise in loes that occurs at high inlet Mach numbers
and incldence angles below the minimum-loss polnt. Alsoc, reference 1l
voints out the probability of shock losses reguliing from high surface
Mach numbers, which in the tip regions of this blade row were computed
to be epproximately 1.6. Further, reference 7 indicates that in the
low-loss range of incldence angle the anticipated losses would be on the
order of 0.05 to 0.08 for the diffusion factors computed in this region.

In the hub and mean reglons the low losses that resulted in higher -
than design efficiencies and pressure ratios reflect the use of design
blade-element effilciencies that were low. When compared with the +tip -
reglon, these regions demonstraste the 1lncresse in low-loss range of in- . -
clidence angle as the inlet Mach number was reduced. '
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A comparison of measured and design deviation angles at the stator-
exit station indicates that the air was discharged axially st all radii.

Second stage. - The higher than design weight flow, an average
density rise below design across the first stage, and some shifting of
the welght flow resulted in the radial distribution of incidence angle
and inlet relative Mach number for the second stage shown in figure 8.
The axial velocity ratio was spproximately egual to the design value at
ell radii. Consequently, the incidence and deviation angles (again in-
dlcating an overcambering of the rotor blades) combined to produce the
indicated radial gradient of energy addition.

The high losses measured across the second-rotor blade row are not
unexpected, since the same conditions that usually lead to the formation
of surface shocks and separation noted for the first stage were also
present in this stage. In addition, the blade overcambering caused high
values of diffusion in the tip region, and some unknown quantities of
measured loss due to interaction effects and mixing from the preceding
stage may have been present. The efficiency was lower than design at
all redii except in the hub reglon, while the pressure ratio, which
depends upon the energy addition as well as the efficiency, showed a
gradient from hub to tip somewhat similar to that of the work ilnput.

Flow across the stator row indicates that the desired turning wes
not obtained from the mean to the tip section. Velocity-diagram analysis
indicates that this lower than design stator-outlet angle has the effect
of diminishing the energy input level of the succeeding rotor blade row.
This is sccomplished by decreasing both the rotor incidence angle (and
consequently the turning) and, at the lower inlet relative air angle,
the chaunge in tangentiasl velocity that can be cobtained for a glven amount
of turning. Quantitative values of these effects may be computed from
plots of reference 4. A5 noted esrlier, since the solidity of this
stator row was lowered without computing new camber angles, the solidity
and design deviation angles are not compatible with the empirical rule
used in the design (see ref. 1).

Third stage. - The higher than design welght flow, the below design
performance in the inlet stages, and the below design turning in the
second-stage stators all combine to force the third-stage rotor to operate
at incidence angles lower than the design values except at the tip element.
Deviation angles sgain indicate a slight overcambering of the blades and
combine with the incideunce angles and sxial velocity ratio to produce =
gradient of energy addition in the tip region. Except in the tip regionm,
the energy addition is below the design value. ..

Iosses showed a decreasing trend from tip to hub and in general

were higher than would be anticipated for the measured diffusion factors
based on single-stage experience (ref. 7). Inlet relative Mach numbers
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were below the range 1ln which shock losses reach slgnificaent values. The
increased loss appears Tto result from rotor operation at incidence angles
lower than the computed minimum-loss incidence angle at 21l radii. How-
ever, this rotor was preceded by two stages both of which operated away
from their best opersting reglon and as a result produced high losses,
especially in the tip reglon. In such an environment, interaction effects
and circumferentlal varlations of flow may become signiflcant. Since.
these latter effects could not be evaluated, no specific sources of loss
are pointed out for this rotor. The combination of work input and effi-
ciency resulted in pressure rstlos below design except in the tip region.

Considering all the test points presented, it is evident that, al-
though the work input and presswure ratio were below design over most of
the passage height, the axlal velocity ratio was approximately equal to
or lower than the design value. This indicates that the area ratio
across thls stage was larger than necessary to obtailn the design perform-
ance or that the observed efficiency is higher then the design value.
Since the efficlency over the major portion of the blade height was
spproximetely equal to or lower than design, the lncreased area ratio
apparently resulted from the use of an excessive wall boundary-layer
allowance in the design. This design accounted for the effects of wall
boundary layers on required annulus srea by use of a weight-flow blockage
factor (see ref. 1). From previous transonic-compressor experience, a
value of 0.95 was used st the outlet of the first stage and an approxi-
mately linear veriastion was assumed to 0.90 at the compressor discharge.

Observed stator deviation angles were very close to design values,
indicating that axial discharge was achleved. Wake losses appeared
reasongble at all radiil.

Fourth stage. - Incldence angles entering the fourth-stage rotor
row were approximately equal to the design values. Since the average
performance thus far has been below design, this also 1s an indlcation
of an excessive passsge area. Although the blade overcambering, as
indicated by the dlfference between the design and observed devistion
angles, and a slightly higher than design axial velocity ratio have
opposite effects on the work lnput across a blade element, a higher than
design energy addition was produced at all radil, with an increasing
gradient from hub to tip.

The high losses cbserved across the fourth rotor are difficult to
explain. The difference in the level of total temperature measured at
the rotor and stator outlets (see ref. 3 and fig. 4) immediately suggests
either temperature messurement errors or the Insbllity to obtain circum-
ferentlally averaged values of performance date at this stage and speed.
Assuming the results of reference 7 are applicable to this high-hub-tip-
ratio blade row, a comparison with the losses assoclated with the flow
about the blade elements of single-stage compressors indicates that the

BILT!
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megnitude of the observed loss coefficients was unusually high. Inter-
action effects provide an additional possibility as a source of loss.
However, in view of the doubtful nature of the temperature measurements,
no direct source of loss could be defined. ’

Although the high losses resulted in efficiencles lower than the
design values at all radii, the increased work inmput produced a higher
than design pressure ratio at all radisl positions.

Across the stator row the wake losses sppear reassconsble, while

deviation angles were slightly higher et the tip and slightly lower at
the hub than the design values.

Fifth stage. - Except for the measured losses, the performance of
the fifth stage paralleled that obtalged in the fourth stage, with in-
cidence angles equal to or slightly higher than design, overcambering
of the rotor blades at all radii, and & higher than design energy ad-
dition at all radial positions.

Losses measured across the fifth-stage rotor sppeesr low. Reference
3 shows thet average temperatures measured at the rotor and stator out-
lets exhibit little difference. Comparison of the observed results with
the values of reference 7 indicates that the measured losses were lower
than those anticipated from this compilation of single-stage results.
Assuming thet the data represent circumferentlally averaged values, the
performance of this stage indicates that for this compressor even at
design speed the results of the reference 7 may be gpplicasble to stages
downstresm of the inlet stage.

The efficiencies were above deslign at all except the hub stream-
line, and pressure retios were sbove design at all radial positions.

Summsetry remarks. - An over-all pilicture of the operation of this
compressor at design speed and design pressure ratio is presented in
figure 12. These over-all performance results are presented for three
radial locations as the ratios of total pressure, total-tempersture
rise, total density, and axial velocity at successive measuring stations
to their respective values at the compressor inlet (station 2).

Figure 12 indicates (1) that a radial gradient of energy addition
was initiated in the second stage and maintained or slightly accentuated
in the remaining stages, [2) that the stagewlse distribution of the
average over-all total-pressure ratio fell below design in the first
three stages, but through the efforts of the exit staeges attained the
design level, and (3) that, in spite of the average lower than design
values of total pressure and total density (which, where the velocities
were of the order of magnitude of the design values, are indlcative of
static densities), averaged axiasl velocity from the second-stage exit
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approached the design value and was lower than the design value at the
compressor dlscharge. This stagewise dlstribution of axial velocity
could only occur I1f the passsge area over a portion of the compressor
was larger than necessarys The indicatlon of excessilve flow area is
further strengthened when it 1s recalled that a higher than design weight
flow was obtained.-

In summery, a comparison of the blade-element and aover-all perform-
ance with the design indicates that, as reported in references 2 and 3,
it 1s highly unlikely that this compressor could have operated at design
weight flow. The increased performance of the inlet stages resulting
from closer to design values of incidence angle and the overcambered
blade sectlions coupled with the excessive values of passage area in the
latter portion of the compressor would probgbly have forced the latter
stages to operate at stalling angles of attack. i

On the other hend, it may be speculated that, if the inlet stages
hed attained design incidence angles at design speed, these stages would
have been forced to operate farther over on the stall portion of their
performance curves (fig. 7) at the lower off-design speeds and may have
made accelerstion of the engline through these lower speeds questioneble,

Comparisons of the measured incldence angles wlth the computed
minimum-loss incidence angles verify the result concluded from the data
of references 2 and 3 that the best matching of all stages occurred at
some point between 80 and 90 percent of design speed.

Considerations of Boundary-Layer Blockage Effects

Since the design procedure involves the determination of veloclties
from the inner to the outer wall of the annular flow area, the incorpo-
ration of the effects of wall boundary layers into an accurate design
system has long been a much sought after but elusive goal. Reference &
discusses this problem in some detall and presents several methods of
including the effects of the wall boundsry layers in the design technlque.
In brief, these techniques involve the use of a radial distribution of
loss, or entropy, from the inner to the outer wall, or the application
of "gross" correctlon factors to correct for the effects of wall boundary
layers on required annulus srea and mass-averaged_performance. ‘Both of
these techniques suffer from a lack of experimental results, especlally
from multistage compressors. ' -

Entropy gradient. - To illustrate the stagewise progression of the
redial distribution of entropy, flgure 13 presents the radial variations
of entropy measured behind the various blade rows of the five-stage
axlal-flow compressar. The entropy variations are plotted as the 4if-
ference between the entropy &t the exit of each blade row and the

8SE¥
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entropy at an upstream reference polnt, which for this investigation was
chosen as the inlet to the compressor (station 2). Entropy veriations
throughout the compressor are presented for operatlon neasr pesk compres-
sor efficiency for aspeeds of 80 and 90 percent of design and at design
speed.

Weight-flow blockage factor. - The design of this compressor (see
ref. 1) accounted for the effects of wall boundary layers on the re-
quired annulus ares by utilizing a welght-flow blockage factor. This is
one example of the uses of the gross correction factor discussed in ref-
erence 6. This technique considers the flow passage to be composed of a
main or free-stream region and small boundary-layer regions at the inner
and outer walls., An ldeal weight flow 1s computed by extrapolating the
free~stream values to the wall boundaries, The actusl welght flow is
then related to the ideal weight flow by means of the blockage factor
Kpk. It should be noted that only blade-element losses are considered
in the computation of free-stream conditions; thus, the blockage factor
bears no relation to the free-stream efficiencies., The design recognized
that, while this concept of the division of flow i1s probably satisfactory
for the inlet stages, It may not be representative of the flow in the
later stages. However, for simpliclity, the concept was applied to the
design of all the stages.

The radial distributions of specific mass flow pVz are presented
in figure 14. As suggested in reference 1, figure 14 illustrates the
tendency of the pVz product to spproach a more parsbolic form as the
flow ares decreases and the viscous effects extend over increasingly
greater portions of the passage. At design speed the substantial
gradient of loss, or entropy, produced in the inlet stages resulted in
the formation of a parsbolic form of radial distribution of pV; product
in the second stage..

By use of the dashed lines shown in figure 14 as an extrapolation
of free-stream conditions to the inner and outer walls, the following
welght-flow blockage factors were computed for the first two stages:

Uy/ /8@, % design | Mode of Ky &t station -
operation -
3 4 5 6

Near peak

80 compressor | 0.949 | 0.934 | 0.929 | 0.914
efficiency
Near peak

90 compressor | 0.941 | 0.934 0.925 | 0,916
efficlency
Design

100 pressure 0.937] 0.945| 0.943 | 0.942
ratio
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It should be noted here that these values of blockage factor were obtained -
with the blade elements along the radial blade height of these several

blade rows operating at various distances from thelr best operating

regions. The values of blockage may have been lower with the blades

operating closer to a minimum-loss region.

Summary remarks., - In view of certain limitatlons associated with
the individual use of either entropy or gross correction factors to
account for the well boundary-lsyer effects, some combination of these
methods may provide the design system with a satisfactory technigue for
predicting design reguirements. Radial entropy veriations over the
major portilion of the passage may be obtained from blade-element loss
data, BExemlnations of measured entropy values across the passage fron
a number of compressors mey then provide an empirical relation for ex-
trapolating this varistlon to the inner and outer walls. However, a
small gross correction may still be necessery to achieve the design
weight flow. Unfortunately, the generalizstion of such a procedure for
use in a design system would slgo require an exemlnation of more exten-
sive experimental results than are presently avallable,

8SCY

Solution of Equllibrium Equation

The basic equations that apply to the flow of a real compressible
fluid and the simplifying assumptions usually applied when considering
the flow through asn axial-flow compressor are discussed 1n reference 6.
Several of these simplifications can be made in the radial-equilibrium
equation that is used to compute the radisl distribubion of axial
velocity. Both references 6 and 16 discuss these simplifications in
gome detail and indicaete thelr fields of application. As explained in
reference 6, the verlous forms of simplified-radial-equlilibrium eguations
are (1) simple-radiasl-equilibrium equastion neglecting entropy gradients,
(2) simple-~radial-equilibrium equation considering radial gradients of
entropy, and (3) radisl-equilibrium equation considering radial
accelerations.

As an example of the effects of the various simplifications of the
radial-equilibrium equetion on the radial distribution of axial velocity,
figure 15 presents a comparison at design speed of measured axlal veloc-
ities with those computed (using the methods of ref. 16) from measured
data end the equilibrium equations in forms (1) and (2). The difference
between the measured sxial velocitles and those computed from the simple-
radial-equilibrium equation considering radlal gradlents of entropy can
be attributed to the neglect of the radlel-flow term in the radlal-
equilibrium equation. As expected, neglect of the radlal-flow term hes
a significant effect on the computed axial velocity only in the inlet -
stages (stations 3 and 5). The radlal gradients of entropy associsted
with the axial velocity varietions are shown in figure 13. Similar o
11lustrations of the same effects computed from the results of other _ .
multistage-compressor investigatlions are recorded in reference 18,

ORI
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CONCLUDING REMARKS

The need for more detailed measurements in multistage compressors
both for use in the design systems and for an understanding of the in-
ternal flow in a multistage compressor 1s recognized. The materisl
presented herein serves as one step toward £1illing this need, Since
this is the observed performance of a speciflc compressor, no general-
ization can be mede, or is intended, In this dlscussion, However, ref-
erences that discuss the genersal aspects of the problems have been
pointed out. o

As expected, certain limitations were encountered in securing and
presenting the desired data. Some of these were noted, but not all could
be evaluated at this time.

Because of the large amount of available reference material dis-
cussing specific blade-element parameters, only general remarks concerning
the blade-element performance curves from this particulsr investigation
were made. The rotor blade-element performance indicates

(1) Overcambering to some extent in all rotor blade rows

(2) Probable principal sources of loss observed at design speed in the
first two stages, as evidenced by computed suction-swrface Mach
numbers of 1.6 along the tip element snd a combination of high inlet
Mach numbers and incidence angles below computed minimm-loss 1in-
cidence angles, as well as large diffusion factors in the second-
stage tip region

(3) For all stages, wherever the observed incidence angle was close
to the computed minimm-loss incldence angle, measured deviation
angles approximstely the same as values computed from the latest
design rule for deviation angle, and losses wlthin the range of
losses obtained from a compilation of inlet-type single-stage
results.

The stator blade-element performance indicates

(1) With the exception of the second stage, measured deviation
angles within spproximstely 2° of the design velues at points
showing a low 1oss6 both design and measured deviation angles
being from 1° to 4° higher at the tip and from 2° to 4° lower at

the hub than deviation angles compubed from a more recent design
rule

(2) A division of stator losses into mixing asnd wake losses, slthough
quantitative values for mixing losses show considerable scatter,



24 SRS NACA RM ES7B12

A comparison of the observed performance with design values verifies
the conclusions reached from consideratlons of the stagewlse varlation
of wall static taps and from individual equivalent stage performance
curves. It appears highly unlikely that, with the overcambering of the
rotor rows and an indication of an excessive aunuilus area, thils compressor
could have operated at design welght flow without blade stall in the
latter stages. Unfortunately, a limiting turbine-inlet “temperature pre-
vented the compressor from operating any farther slong its design-speed
performance curve than the point at which design pressure ratio was
obtained. S o

Iewis Flight Propulsion Laboreatory
National Advisory Committee for Aeronautics
Cleveland, Ohio, February 15, 1957

85¢%
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APPENDIX - PERFORMANCE EQUATIONS

All equations used to compubte the quantities presented in this re-
port are listed in this appendix. The equations are developed and

discussed in the references.

Blade-Element Computations

(1) Tempersture-rise efficiency:

N
)] .

Ty - Tn-l

(2) Rotor relative total-pressure-loss coefficient (ref. 12):

-~

( - X
P iy r-1
) oo G
- n n-1 n-1
n-1/7id . ; - ;:I
-1
1.0 - [1.0 + 5 (MI'1 l) ]
- Py

where

Py 1 rp-1\? L
(,n> ={1.0 + == M2 1.0-( )
For ell computations used herein, (Pr‘l/P’_l)id was teken equal to 1.0.

(3) Work coefficient (ref. 8):

_ gJi-E(Tn_ - Tn-l) (AS)

AF -
T

Equation (A3) can be written as a function of velocity-diagram perameters

as
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2 2
o T r Vo 1= v Vg n-
A§I=<n]) (rn) _<rn)<§,nl)<v z,n.)JGam B - [Z;!nltan B,
Ug \ Tt n-l n-1 n-1 Z,n-1 n-1 .

(A3a)
vhere n 18 the rotor-outlet stetion. For the specisl case of axial.
inlet flow which applies to the investigation herein, the work coeffi-
cient may be written in terms of axlal velocity ratio, inlet relative alr
angle, and turning angle as

AH (rn_l)z ( Ty )2 (rn ) (Vz,n )tan (Ba-1 - AB')] (A3D)
U% Tt Fn-1 Ta-1/ \Vz,n-1 tan By 1

(4) Rotor diffusion factor:

4 Vo, n = Tn-1Y9,n-1

=1 - + (Ad)
DR,n V-1 (20gyTay)RVa-1
(5) Stator total-pressure-loss coefficient (ref. 3):
(a) Weke loss:
E% - fg)w,av - Pﬁ,av (a5)
Paet = Ppa
(b) Stator total, or complete loss:
EB - Pn;l,av_' quav (A6)
n-1 " Fn-1
(6) Stator diffusion factar: )
: Vn rp-1Ye,n-1 = *n¥o,n
Dy p =1 - (V ) 55 i 5 2 (AT)
n-1 aviav/g8'n-1

Mass-Averaged Computations

(1) Total-pressure ratia: - -

12119 2

-l
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=) ' ol
—— = A8
Pn-1/m.a. frt,n—l

T

pn-lvz ) n—lrn—an-l drn—l
h,n-1

T4, n-1
- pn-le ’ n-1"n-1 drn-l

h,n-1

(2) Total-temperature ratio:

(..EL) - b,n (49)
T T
n-1/m.a. f t,n-1

T e n—lvz » n-lrn-lTn—l drn—l
h,n-1

Tt,n-1
pn-lvz s n-1"n-1 d'rn-l

(3) Temperature-rise efficiency:

r-*
Po\ ¥
(Tn-l)m.a. P - 1.0
q = 7 n-l/m.a. (AlO)
Tn,m.a. - (Tn—l)m.a.'
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(4¢) Momentum-rise efficiency

5L

( ) (Pn)

T — -1
-l/m.a.

f s Pn-l m.8.

NACA RM E57B12

360gR —ﬁi
T] =
0,M Tt,n - t
s ,n-l
f pnvz,n'-“n(rnve ,n) &y ‘ on-1¥g ,n-lrn—l(rn-lve,n—l) drp-1
Th,n _ Th,n-1
Tt,n Ti,n-1
anZ,nrn dry Pn- 1Tn-1 9Ty [t
Th,n Th,n-1 o
@
(a11)
Entropy

By the definition of stagnation conditions, stagnation entropy
equals static entropy and is s function of stagnetion pressure and tem-

persture as follows {ref. 14):
(Tn)
Tref
——

ire:f‘ _

Sn= ref'I'Rln

or, rearranging, as employed herein, with the compressor inlet (station
2) used as the reference station,

X

&)
So_S2_ ., |\l (A12)
R "R B,

| P2

Simplified-Radial-Equilibrium Equetion Including Entropy Gradient

The simplified-radial-equilibrium equation including an entropy
gradient (ref. 14) is as follows:
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2 “u 2 r-1 Sk Su V]E
v Vk 1+ l_-ITl:) sin Bk]+ ch(Tu- k) -+ - —_ﬁ- - —R— Cp(Tk+Tu) - '—2—

u fx
NP PN

where c¢p and R must have units of ft-1b/(slugs)(°R). A solution for
the simplified-radiel-equilibrium approximation may be obtained from
equation (A13) by keeping the entropy constant radially (i.e., the term
Si/R - 5,/R equal to zero).

(A13)
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TABLE I. - RADTII FOR RADTAL-SURVEY POSITIONS (REF. 3)
[Tip radius constant at 10 in.]
Radial Radius, r, in., at station -
posi-
tion 2 3 4 5 6 7 8 9 10 iL 12
1 9.900]9.900{9.900]9.900(9.900{2.900|2.900}9.900{9.90019.800
2 9.850{9.850|3.85019.850(9.850|2.850[9.850{9.900[9.900|9.900
3 9.650{9.600|9.650:9.700(9.750(2.750]9.750(92.800|9.800|9.800
4 9.167{9.25019.350|9.450|2.500|2.600]9.600]9.650|9.700{9.700]9.700
5 8.750( 8.850(9.000(9.200(9.300{9.40019.450|2.500|9.550]|9.550(9.550
6 8.334] 8.500|8.700{8.900[9.050[8.150{9.250(9.350]|9.400(9.400{9.400
7 7.501}7.750|8.050|8.400(8.550|8.75018.850|9.000{9.100|9.100(9.100
8 6.668| 6.950|7.400}7.850|8.050|8.350|8.500}8.650|8.850]8.850|8.850
9 6.251| 6.600|7.050|7.550(7.850(|8.150(8.300|8.500{8.700}8.700(8.700
10 5.835({6.200{6.700|7.300|7.600{7.900|8.200(8.300(8.550{8.550(8.550
11 5.900{6.550|7.150(7.450[7.800({8.000!8.200{8.450|8.450{8.450
12 5.70016.350|7.000(7.35017.700]|7.900}8.150|8.400|8.400]8.400
Hub 5.456(6.064|6.764(7.102(7.502)7.720(7.976(8.114/8.250(8.250
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Flgure 1. - Skeich of paseage comtour of five-stage axlal-flow transonic compressor showing axial location
of blade-row inlet and outlet stetioms.
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Bquivalent weight flow, WA/B/b4y, (lb/eec)/sq ft frontal ares

Figure 6. - Ovar-all performance charsateristios of five-stage transcnia compresmor {raf, 2).

[} [ ] r | ]
90 !
8 4 85
ol ; Aty
|8 ‘ '
_.—"—‘__‘
B0 ]
40 S 100
Spo—T— fE_
. / .
5 g * v T X T P
k Equivalent spesd, 35 100
' i § percant deslipgn . L
90 )
. %
‘BO
3 Y
r
. 70
0—0%
2
5O
!'Il-l'l
040 O
1
10 16 25 50 55 40 46 80 Bb6 80 86 70 75
Equivalent welght flow, W\/O/B, 1b/sec -
[ 1 | 1 I |
10 156 BO 25 30 35

2Td.LSH WY VOVH

LE




38

1.

Stage adlabatic

2/T2)e

Stage equivalent temperature-
rise ratio,

e

(Py/P5)

Stage equlivalent total-pressure
ratio,

eff;ciency, n

(aTy

T NACA RM ES5TB12
Corrected speed 1
N/4/%, % design
L © 100 .
00 Eg 20
80
L q 70 -
m| @ Design point
<> ’
0 2
-80 SR o3
O I < é}&j 1
O 8 - <« |F i
< o °
Rk a
« 80 P
< &
.70 -
.16
[m§
< o| @
14 P 14 O ¢
P &' T F
_d‘q I 4 N
1
< ¥ n &0
) =] K
.12 o=
a O
®
.10 g
1.6
1.5 =
o ™ G;tjCJ
N <H
4 & D
48 &h 2 g
1.4 9 ®
1.3 .5 .8 7 .4 .5 .6 .7
Flow coefficient
{(a) First stage. (p) Second stage.
Figure 7. - Indlvidual stage performance of five-stage transonic

compressor {(ref. 3).

I

gee¥



4358

NACA RM ESTBla

nl

Stage adlabatic
effieclency,

ratio, (ATB—S/TS)G

Stage equivalent temperature-rise

e

ratlio, (Pg/Pg)

Stage equlvalent total-pressure

SN
1.00
<>
.90r%0q ¥ < | s
o q {
d Y d
g 7 %
.80 &
Corrected speed
.13 N/+/€, & design -
o) 100
Ll 3 90 .
80
< 70
.11 %@6_ @ Design point -
O
<< O o ® o
= S
S A= I S
.09 & ? = o9
e b cin
s & 2
.07
<
<
q
.05
1.45
@
1 (o]
1 O
.35 ® |
— O [:3)
o® S O,
> &
alt N al
25 - o7’ ® 9‘ 3
1. ft Q&
<>
9
1.1575 .6 .5 .6 .4 .5 .6 .7
Flow coefficient
(e¢) Third (d)} Pourth (e) Fifth stage.
stage. .Btage.

Figure 7. - Concluded.

Individual stage performance of five-stage

transonic compressor (ref. 3).

39



40

Deviation angle, 6°, dsg

Incidence angle, i, deg

L}
H2

Inlet relative Mach
mumber,

Adiabatic efficliency, B

ratio, P3/P,

Total-pressure

NACA RM ESTBlz

14
FarS
(o o
10 Pe a ﬂ 5 < Mode of operation .
L b ] —— ]— O]
- o) O Max. weight fiow (min. back pressure)
Py A o] 0 Rear max. efficlency ]
T < Min. weight flow (near compressor
8 © ~ : : surge or limiting turbine-inlet -
I~ temp. )
S S ———Design (ref. 1) 7]
r —=-——Min.-loss i and &% gcomputed from
2 e “Method of ref. ¢ 1
18
< o
12 4
-
Q p (] P )
[<] o §
8
& -
b O
4 E -4 <
g g
= bal
T ~ % 8 8
[+] § 3 g 2]
e
[N
o
=
-4 .2
N
.8 2 g -1 g g e 3
Q{ Vst
S i o)
S "
G O
.7 2 > 1.0 >
a K
-
E.u
H
" B b
8 g e
s—L 8 H
G
PaY
Ef -6 €
g 8 o
g B o
1.00 £ a 4
h g (]
|
20
19
o [ o
.9 <
=4 «a
O 2 e
i
) < él‘é"
S .12
it
.
70 43 —v 5
It
1.28 sg .08
go [o) < i O
-l
FYl
o
1.24 T .04 =
«
gl 8
= 1Bl |9 5 S 3
1.20 a & £
[+] 20 _ 40 8Q . 10¢ o] V20 4 &0 a0 10

Radial blade height, percent
(1} Pirst-atage rator.
(a) Equivalent speed, 70-percent design.
Figure 8. - Radial varlation of rotor blade-element characteristics.

88e¥



4358

GJ=-6

NACA RM

s deg

De\rl.al;%cm angle,

Incidence angle, 1, deg

Inlet relative Mach
number, H‘:

Adiabatic
efficlency, 7

LA

Toba.l:preuure ratio,

E5TB12

Mode of operation -
O Mex. weight flow (min. back pressure)—.!
0 Rear max, efficiency
¢{ Kin. weight flow (near compressor
surge or limiting turbine~inlet
teop.)
~-——Design (ref. 1) °
10 —————pin.-loss 1 and & computed from .|
N e e I e method of ref. 9
.6
O~ [
s = [~ ‘ <
o ﬁ<~, ? <o
2 £ .5
] c
. A 8 (8] g ol 8
= v ::\‘ o
had
% .4 ﬁ ]
s
o g 1R
(=) = A4 J
(=]
8 = 3
8 ° o] 1.2
< a8 o
4
. b
1 ° 2o o
= g% 1.1
- _ Ry N O
0 ~ £
. .
qaQ0 1.0 ¥ a =
- o] =
L35 %
-4 =
[i o
.8 ]
- &
£
Q
N - S 5 <
o
8 “ 2 e
s SO e
. a
. § a
&~
a 4
+5 .24
1.00 £% "
o
1 O -20 <2
,%0 é {18 B}
3
,_l. .18
< 2.
.80 Bid
-
1.32 LI T A
3 @
=8 n
o 2z 4
1.28 g o »¢ .08 [ o
g° °
o b o T
2 gl B| ¢ |o E
1.24 & [ .04
0 [ Jo
£ g £ £l
1 200 20 [ B0 e} 2 055 0 60 80 10
Radial blede height, percent

(a) Continued.

(2) Second-stage rotor.

L]

Equivalent speed, 70-percent design.

Pigure 8. - Continfled. Radial variation of rotor blade-element oharacteristics.

-~y

41



42

Deviation angle, b°, deg

Incidence angle,
1, deg

Inlet relative
Mach number, Mé

Adiabstic
effielency, 7

P,/Py

Total- pressure
ratio,

NACA RM ESTBl12

e ol R
Mode of operation —
—]
8 I R o O Max. welght flow (ein. back pressure)
é ~ 1 0 Near max. efficiency ]
= ﬁ ™ $ Min. welght flow (near compressor
ooy surge or limiting turbine-inlet —_
) \\.\ o temp.)
I g [#] ———Design (ref., 1). N ]
—— ———Min.-l088 i and & computed from
< method of ref. 9 —
(o]
8 T 4 &
SE v a
;i3 gl ¢ 1o
4 kf: L rlele
o) ~— ,, .3
Tl B
- @
"\\ 3‘ N
o A
3%
gbu 1.1 S o) 5
- - (1] [r)]
=3 i 88
EE #
.7 @ @ 5 1.0 -
8 = 5
3
.5 B § 8
1.00 © 4 I o
TP @ 5 ST ¥ 8 B
b 3 g 8
4 o
.90 = P a .3
g <€ o
1 .12
B
. al
8 a - & o
&8
?3 .08 o
K &
yad
2%
1.24 ° 8 .04 it
2 g Sa 8
a & é iy o el o a o,
120t | B g |o 2| 2 © 1 4 g 3l
4] 20 40 a0 . 80 10 X} 40 60 80 10

4] Q z
Radisl blade helght, percent
(3) Third-stage rotor.

(a) Continued. Equivalent speed, 70-perc

Figure 8. - Comtinued. HRadlal variation of rotor blade-element characteristics.

ent design.

-

85¢¥,



4358

+*CJ~6 back

NACA RM ESTB12 L 43

w12
o
% 1 =|=]=
- 8 — 1= —
L)
'& ‘g_‘ Mode of operatlion —
o F~
o |~ O Max, weight flow (min. back pressure)_ |
S 4 L 1 Near max. efficlency
B g\ﬁ\ ¢ Min. weight flow (near compressor
s u surge or limit turbine-inlet —
T temp.)
1] . ¢
a —
D —-———Design {(ref. 1}
" —~——HMin.-loss 1 and 6° computed from _ |
- 8 method of ref. 9
8
& o
85 a—T—= o .4
g - \\_ 0 g I~
O ol S > ] o~
3 C —f 3 N S
: Bl [o] ¢ [~ £ sl 13
= ‘3% .3 o)
Qo
(-]
g §
g = -
o ©
—.a Q "N
¢ 'E . 1.1
k3 7 8 5; 3 8 b g
2 2 N
£s 38 8 o
LE 3 % 8
H .8 g, 1.0—
= gg
E' E «F
- & -
3 1.00 v o s =)
o 8 of B £
o g
3 | [} [1)] o :g 5 Q
.90 . <
o ¢ o 2 b )
cl 5 o
3 & I
< -
.80 e -3
.22 .08
[ < .-I| n[.ém
5 o B25. r o
3 R o5 o
2% 1.18 ol 1o Q eba .04
- [ui] Q > g0
-t 0
(-] [e] §]
48 o %54 . ©
s 3 2 S8 [g[° ola
= 1.14 BH| = © ~ A [
20 40 6] 80 100 o 20 T 40 60 80" 100

Radial blade height, percent
(4) Fourth-stage rotor.
(a) Continued. Equivalent speed, 70-percent design.
Pilgure 8. - Continued. Radlal variatioun of rotor blade-element characteristics.



44 SRsnun.. RACA' RM ESTB12
. 10 — — ————r——
o a = = -+ 1 Mode of operation
gg § O Max. weight flow (min. back pressure)’]
o 0O Near max, efficlency
g . 8 = & Min. weight flow (near compressor "
—0 surge or limiti turbine-inlet
Bw i A ‘\g § temg.) ne o
Lad
g I~ — ——Design (ref. 1) °
2 —ome Min.-loss 1 @nd . §° computed from 7
method of ref. §
8 > .3
w £ E;
3 & £l o o
. —1 3 9] <@ ol [
3 + pav e o} o]
. 4 ~T *gg .2 o
-t ~\‘\\‘ 55
H ‘\: i
] o} £F of = w1l
2 S 1S 3 o
2 ol 8 ° 2.1
g B B
= -4 §
PR N0 & ﬁj‘ o 5
> R 8 &
o o O
= § 8 B2
-0 o
¢ g .7 & & LI
-
LE: § -t
A E 3 o
.6 -
& Z g &
1.00 & 18 8L 3 5 4 £ 5
o o m] :5: %? 8
QD -
by a s
%8 o i a .2
3z .90 S
23
2z y -z
b =3 A
.80 2le
T o~
1.18 §§ .08 8
o
¢ L
EA az
| o~ Q&
£ 1.4 oS o e - o
oy Rl 8 Za
as 4> £ o
- 2 | ° a 25 B o o 5
e™ 1108 S = & o £
20 40 60 80 100 g _20 b 60 [ 100
Radlal blade height, percent

{5} Pifth-stage rot

or.

(a)} Concluded. Equivalent speed, 7O-percent design.

Figure 8. - Continued. Radlal variation of rotor blade-element characteristics.

85c¥



he o0

g 14
o <
® 10 < o o o
- = 2] [m]
@ e L —_— —_— b —)
<
'go \H R < Mode of operation —
< [~ ~ (e,
o & Q - O Max. weight flow (min. back pressure)__|
G S~ O HNear max. efficiency
b =~ { Min. weight flow (near compressor
« = surge or limiting turbine-inlet —]
-t
E 3 temp.}
< -————Design (ref. 1)
1 ———Min.-loss i and 8° computed from _ |
" < method of ref. 9
<
- a o) o § o] o 5 .
] °l s 5
-
g E & [o.
g o .3 £ 22 &
g ~—_1 g
o T .
g &
* Ao = .2
.§ o o 1.1
- g g N,
(=]
f = 8 .8 1.0 g °
> E * e - - \vd
o
FERN -~
© £ “ O
i3 FE
24 CE
, g g .7 Ei .
(=1 -
& v 8
j2! ©
.6 v ]
&
o
o 1.00 3 < §£‘ .5 75 3
O -
iz o 18 4 & 3
o ] e
85 o a 8
G 30 & .4
oK
3;‘:’: g .12
-
.80 la
s ®
e, 1-34 iiﬁ .08 ]
N o i |o
£ g 5% © g
S 5 1.30 ee -04 hd
23 o & v H 8
Ot El g = o O 2 =]
1.25 = 2 S L2
20 40 &Q 100 20 40 Y 60 80 10

NACA RM E5TBlz2

45

80
Radial

o
blade helght, percent

{1) First-stege.rotor.
(b} Equivalent speed, 80-percent design.

Figure 8. - Continued. Radial variation of rotor blade-element characteristics.



46

Deviatlon angle, §°, deg

Incidence angle,
1, deg

Inlet relatlve Mach

Adlabatic
efficlency, N

ratio, E5/B,

Total-preasure

NACA RM ES57Bl2

i2 ’ Mode of operation j
[ O  Max. weight flow (min. back pressure)]
T T ] I T- 7 1 Near max. efficiency
8 P~ { Min. weight flow (near compressor k
FO~ [0} surge or limiting turbine-inlet
= g ;:1\ _temp.} J
< & T ~ ———Deeign (ref. 1)
4 > —--—Min.-lo88 1 and B° computed from ]
o method of ref. S
@ g .5
0 ;3 &
Payod o
8 ~ A
< §§ ¢ B8 F |©O
=) < ]
]
4 = 1< £ .3
| BT--18
1.1
g}
Q -l .
8% g
i o o Py
.9 N 1.0 > v
— c o QJ o =
o] 4o o3 o]
e | T
P g B o
E N
8 ]
.7 ) &
pod g 8 <&
Og .5
[=] -
n & 0
" &
a8
1.00 = .4
(3 (=) 3 .18
3 o 2
.90 (o] o
- o 9
<> et §I-m .12 Q
3 8
+80 pe g
58 o1 7 |o
1.38 .;;3 .08 po
3 pts © o) o
Lo u)
28 o
1.34 n < 0 %" .os
< B8 -
[e] Q ';} a T o
) o
1.30 E ; = E: E
o 2 40 §0 80 100 ) =20 10 60 80 100
Radial blsde height, percent
(2) Second-atage rotor.
(b} Continued. Equivalent speed, 80-percent design.
FPlgure 8. - Continued. Radlal variation of rotor blade-element characteristics.

8eey



4554

NACA RM ES5TBl2 S

Incidence angle, i, deg

Inlat relative Mach
number, Mg

Adlebatio
efficiency, 0

Total-pressurs
ratlo, P 7/1“&

Deviation angle, 0%, deg

47

12
- — -~ — ——
y 8 ==
\\\\ % Mode of operation —
. - 2 |~ O Max. weight flow (min. back pressure) |
- 3 3 VNear max. efflclency
{ HMin. weight flow (near compressor
surge or limiting turbine-inlet —
temp.)
o ———Design (ref. 1) ]
N ——-—Min.-loss 1 and B5° computed from
method of ref, 9 ’
p - ys-sr__ -
< 4 ~
I 9 Fa¥ 2
= o ng ~
o g 1 a - . ]
o 18
o g:i FL) fa C} ig
.!.3 O o
4 gt‘.
- x o » S
.9 f,' 4::. 1.1 =
%
8 o E:»'; 1.0 P g
g os B[S
K]
2 (o]
[e] g 8
.7 .9
-]
g -
6 8 4
: ] (o] < P Lo
1.00 < 5 E& .4 o
3 o b | g |B
=1 o o) L a o Q
= < o) A & [s)
.90 o = o 3 .3
Q I .12 -
A
.80 EIG Py
iy
1.32 EE .08 5 oy
A
44
4 o
1.28 & < < ~e o, ] <
LT E o g o * v
(| o o8 ()
P ol &l 28 5 g
1.24 F o [ K El é (=] =
[+ 20 40 80 80 100 (o} 20 40 80 80 l1ee

Radial blade height, percent
(3) Third-stage rotor.
(b) Continued. Equivalent speed, 80-percent design.
Pigure 8. - Contimued. Redial variation of rotor blade-element characteristics.



48

Deviation angle 8°, deg

Incidence angle,
1, deg

'
8

Inlet relative
Mach number, M

Adlabatic
efficiency, 7

Total-pressure
ratio, Fg/Pg

NACA RM E5T7Bl2

12 T rrrrrarr
. Mode of operation —_
[ M— —-_—
~ — -] O Max. weight flow (min. back pressure)_ |
8 0 Near max. efficilency
o ¢ Min. weight flow (neer compressor
o — Pa surge or limiting turbine-inlet -]
Euj ~1&8_] temp.)
" “~a}‘ 4 e Dagia . —
] esign (ref. 1)
o o 1l —-—Min.-losse i and &% computed from
a 8 method of ref. 9 ]
.0
) 4
° s, e
. = o
~ £i3 g3 MIE
| T~ S o X o O
4 V4 p~ @ -3
g [o ~k .o i
) p = @Q -
o © o ~ B o ¢
o o gg o) = g
e [l 3 o 1
.8
.8 2> 1.0 <
E b
O
-t
S 19 Y HE
.7 g 9
g .5
. 8 ol |, o
. & of gl ¢ (¢ Io
o o ° L 0
1.00 £ & .4 5 i
of [© o |8 3 ¢ [° o
bd [e) a
o pa
.90 a .3
0 y
'] .12
ET
.80 a’ o
g8
1.28 agd  os
ol I© ok
= Fidd
< ] O
1.24 &> Q 9 o 25 o4 g Q 5
E E' b [o] e O i <% <
& o O < [0} 2]
a o 5 oz
1.20 2 I = 2 o = £
° ’ 20 40 60 80 (¢ a 20 . 40 VvV 60 80° 10

Radiallbla.de height, percent
(4) Fourth-stage rotor.
(b) Continued. Equivalent speed, 80-percent design.

Figure 8. - Continued. Radisl variation of rotor blade-element characteristics.

13:51% 2



4358

s

CJ-7

NACA RM E5T7Bl2 T

Deviation angle, §°, deg

Incidence angle,
1, deg

Inlet relative
Mach number, Mg

Adiabatic
efflelency, N

presgsure
ratlo, Pu/Plo

Total-

49

T ' 7 Mode of operatiom
O Max. welght flow {min. back pressure)’]
O WNeer max. efficiency
& Min. weight flow (near compressor E
surge or lisiting turbine-inlet
temp.) 4
———nDesign (ref. 1) o
12 Min.-loss 1 and B compuied from 7
method of ref. 9
=Tt 9 - - g
a a T~ 11— ol A
le) g S v
- a 4
1T s o §§§ -3 I ul m — .
. -~ - 5 2 o - o 0
-~ (]
T™—{ =]
= 2
o
o] 1.1
j:- o
8 3%5
C
= 1.0 =3 :; °
7 <
o
. \_\ 30- fo) (] f]
-l
oL Pl e ~Jdo 3% @
= .9
o g ¥
[ S = .5
.8 &
- < o
g . 0 >
o
.8 T L~
o i =} o g o o
< o 3 (o]
7 &
a
1.00 ? —S .2
2 O
=4 .16
3 < 2
.90 2
o <P - 12 < PN
- o
o e B
.80 E'i:;
ad
1.24 ﬁﬁ .08 * g
88 8
P e
o 3 0
1.20 - Z 04 <
o & | © v Z o
a IC_)[ [ e a o) u )
3
1.18 £ © E £ @._\_.e j
o] 20 40 60 - 80 100 o 20 40 60 80 100

Radisl blade height, percent
(5) Fifth-stage rotor.
(b) Concluded. Equivalent speed, SO-percent design.
Plgure 8. - Continued. Radial variation of rotor blade-element characteristics.



50

Deviatlon angle, 5°, deg

Incidence angle,
i, deg

Inlet relative Mach number, Mé

Adlabatic
efficiency, 7

Total-preasure ratio,
P3/Pg

SeREE. NACA RM E57B12

12
In=s = z=azu)
] - F<3
G
=~ 4
I ¥
4 T Mode of operation ]
T~ O Max. welght flow (min. back pressure)
O Near max. efficiency "'1
¢ Min, weight flow (near compressor
[0} surge or limiting turbine-inlet —
temp.)
8 s —_
] N ————TDEsign (ref. 1) °
Tl —«—— Min.-loss 1 and & gomputed from
8 method of ref. 9
4 G- 1) i B~
o]
1.1
£ 4
L
1.0 3
: ]
% | g 18
8 89 - B8 8
.9 &
B
> .2
[a]
.8 o .i'S' (:1:‘ 1.1
Y -l
[3]
¢ So
.7 8 1.0
£E) ol e K i@
33 o of [|°
Booe = m——
1.00 O O S PN - 5
M B8 2 3
J a s &
A [¢) o K L)
. |
.90 gd‘ 4 ) 8
1.44 &
Loy
fal
A .3
1.40 8 ' e .08
o ch -
O Ot 45
Im} 57 g o d
1.38 e B8y o4 = (o]
‘ o ° 54 - OB Y
Q Sad
a - S 3 % Q |m] A
E: 8 <88 = 0 b
1.32 Bl = © 7] S S o 5
0 20 40 60 a0 | 100 20 40 80 80

o : 100
Radlal blade helght, peicent -
(1) Firat-stage rotor.
(e¢) Equivalent apeed, 90-percent design.

Figure 8. ~ Continued. Radial varlation of rotor blade-element characteristics.

85L¥



4358

CJ-7 back

NACA

RM ES5TBL2 YW

51

[
3 MIEE
o . —s T 10— |—C T T
[~}
@ G
";!{ = ‘:1 < Mode of operation —
T
@ g~~~ O Mzx. weight flow {min. back pressure)
5 4 T~ O3 Near max. efficiency ]
bed $ Min. weight flow {near compressor
] & surge or limiting turbine-inlet -
.; o] temp.)
A o ———"Design {ref. 1} o —
———Min.-loss 1 and & computed from
w0 8 method of ref. 9 ——]
o
-] |
- ~
Py & a 6 = N
E: o Y ™~
[e]
. 1 o .
0 3 .
; ;
3 ]
g g 8
-4 5
g4 g g
1.0 é; i
5 g ER
=¥ g 1.0
o $ B3
o & -t
oF S £% 0
RE 8 e g 8
sf B £ SO 2 G
- < o > o
S o
.7 2% 6
o 1-00 g .6
Q ;. § g
38 <& [ [o]
28 Eg I o Il
SS .90 5&F .5
g2 g &
2z b3 3
L1} ) 3
.80 A 4
1.48 1 .18
g g
3 g Py
f o <
P Y & 8g .12
£ O L [m] [}
N 1 —% 43
va? © S ¢ o o S ]
o 1.40 2 08 .08 o
o Za o ¢
3 _ d H%F o B 2
e = =t ~ e = o
1.36% B2 e 10O
o 20 40 B0 aa 100 Q 20 40 60 80 100

Radial blade height, percent
(2) Second-stage rotor.
(¢} Contimued. Equivalent speed, SO-percent design.
FPigure 8. - Contimied. Radial variation of rotor blade-element characteristics.



52

NACA RM E5TB12

I T I T LT T
& Bl Mode of operation _—
« =) H =<
£ o s q < O Max. weight flow (min. back pressure)
I . T~ S 0 PNear max. efficlency
1% T~ — o] $  Min. welght flow (near compressor
> — surge or limiting turbine-inlet —
E ~ temp.)
< — ——Design {ref. 1)
———Min.-loss 1 and 6° computed from
0 a8 ] ' method of Yref. 9
—_
L) T~
- ~d
[ -~
- 4 ~3 18 4
« I~ C £y (o)
= e 8 :-:’;% o 2 & 2]
g < [¢] o o of O v
@ 0 ] = .
g ol |8 ¢ 5
[
o °
=l -4 o
E © o]
1.0 B 1.0 =
F-] — b 0 17} a
b Y =
gz .9 ég = B b 9 S g
-t -
PR [ =
28 o] ) ©
£ 8
,p§ .8 S .8
o . s .
=1 [N -
7 ‘E &
& o} 8 & o
1.00 £ & -4 Q-
g ] [ o
& o] i g o}
© - B
H o] § | g
N 3 .3
.g% 90 V =
T
< Gt .16
e < “
.80 8
—-
]
1.40 g 12 %
) i
3 §¢
@ £ G
& & o e
» 1.38 o] 5 £ .08 )
o @ o &
& ~ b <
RS i 83 A
oa u] ) & =]
g 1.52 o 2 o o
)
3 ol lo] | 3 RIE
Pk AEE N ;
1.28
° 20 40 &0 a0 100 ) 20 10 &G %) 10
Radial blade helght, percent

{3} Third-stage r

(¢) Continued. Equivalent spee

Figure 8. - Continued.

Radlal variation of rotar blade-element characteristics,

otor,

d, 90-percent design.

2

12554 4



4358

NACA RM EB5T7Bl2

Deviation angle, &°, deg

Adlabatlic Inlet relative
Mach number, M} Incidence angle, 1, deg

efflclenoy, N

Total-pressure ratio,

o
n .

53

t
IS

.
©

2]

~

8

.
0
(=]

.
[o:]
[«]

1.36

1.32

Mode of operation
[o] Max. welght fiow (min. back pressure) |
[m} Near max. efficlency
= <o Min. weight flow (near compressor b
M= — - i surge or limiting turbine-inlet
=+ ——t temp.) |
8 -—— — — Design (ref. 1) ° A
~ —— ——— Min.-loss 1 and & computed from
O\\Ej\ ’ method of ref. 9
\\
o . 5
© £
L
Ll
o » o
Lﬂ%
~ -4 Q> o
+4 3 S B8 1] ] o
=~ ~ [ 5] L=
I - g (o]
< -~ 3 .3
8 u] N
Ea g S w 1.1
2w
fa) o] (0] P o] bt
g™
o N
> 1.0
©
33 o [° :
b <
-5 .
[¢) 2 Q s
T [ [° '
© B . &
9] E 5 FaY <
g = O
L] 14
s o
4 .4 5 o o
&
[m] 8 E o =
< -3
S o
= .18
< -]
[
[~
7
-t 12
Bid® o >
[m] ¢t
S < ?."3 [o1:] \v4 >
- A4
jml m o —
S —lo—1— £5 918 1a
Far) o ": g D o D
[@] [e] : .04 E
e
o
2 g e £l =1
2 & = & )
20 40 60 80 100 s] 20 40 60 B8O 100

Radial blade helght, percent
(4) FPourth-stage rotor.
(c) Continued. Equivalent speed, 90-percent design.
Flgure 8. - Continued. Radial vaeristion of rotor blade-element characteristics.



54

, deg

o

Deviation angle,
i}

Incidence angle,
1, deg

1
10

Inlet relative
Mach number,

Adlabatlc efficlency, 0

ssure
12/%10

Total-pre
ratio, P

H&de 6f oﬁeﬁgzion
o Max. weight flow [min. back pressure) |
| Near max. efficlency
< Min. weight flaow (near compressor -1
surge or limiting turbine-inlet
temp.) .
— — — Design (ref. 1)
—— —— Min.-loss 1 and 8° computed from ]
method of ref, 9
10 =11
8 5 - -] — . . A
3 .
=
5 ey 3 Q 2 Q < y: AN o
]~ o 0 s = =] E§7
- —~—g] R s —0 o] o
~ ! §=ﬁ (o] [1>]
i x
8 2 @
T+ - S
i~ By @ 1.0
= ol 81 & |8
4 g =
- ~d a7 o] T
o 5 [e) g_;: n|
Iy .9
(o] b jm] N -
° CE 0
(o) - 23 ﬁ
=~
g .8
[] g E; o P .5 <
. O @ a % w!
. g S
“ ol Bl ® o
§F .4
3 13) b S
7 :
L
1.00 B .3
(@]
.20
g0 o
- o
8 |9 © o
> 8 .16
80 e T
' ° s o
$F .12
£ @
e
«70 EE A4
1.30 28 .os = = i
g o il
ol
< % o
l.28 = 8 > T .04
o
o d §
a O ] = re] 3
1.00 2 ° (o] [« e 3 P!
s} 2 40 [ K o] 20 40 [ 1
Radial blade height, percemnt

NACA RM E5T7Bl2

(5) Pifth-etage rotor.
(¢) Concluded. Equivalent speed, 90-percent design.

Figure 8. - Continued. Radial variation of rotor blade-element characteristics.

1215092



4358

NACA RM ES5TB12 st

- k1 €
o e e e e ] — e _0—
F 8 o
°% e o g S
E"’ &t B <
g% = I
I
& 2 Mode of operation -
Max. weight flow (min. back pressure)
W _
) 12 Near aax. effliclency
© < Min. welght flow (near compressor
- ~ecl surge or limiting turbine-inlet =
M~ temp.
o ol _
2 T~ e-— — — Design (ref. 1) °
-4 ~N — - — Min.-loss i and 0° computed from _|
L ~ meathod of ref. 9
1 [~
5 4
3 & 8 ¢
& e :
1.2
-
=
- iy .4
g A g
'2 1.1 o
g 7 oy
- iy - ©
1o g < s il
s / &
o V4 =
- G‘/’ -2
3 <~ 1.1
.9 &
4 < w l.
% z £
] 7
LN ¢ Ex '\
.8 s 1.0 é e
ag le
) g g oy -
'S £ .9 -
» A
g 1.00 > =] .5
2 C 5 &
g 1 el sy L] o B o
$ .90 s o O
-]
4 = & o &
5 P =
2 2% g o
= .80 A=) (o3 k=] -3 (o}
- O a
v b
=
.70 .2
1.46 .16
g Y : 1o
L]
£ D : ol I©
R 2 1 2 8E .12
P < g
b4 -ty =
g is -
¢ 1.38 Lol ’E .08
e . %
4 o 58 < b
._.‘." 1.34 £ o {
kS < i (o}
=]
" slE gl £ |8 2 5
1.30 20 %0 ) ] 100 ° AT T §0 80 10

Radial blade height, percent
(1) Pirst-stage rotor.
(d) Equivalent speed, 100-percent design.

Figure 8. - Continued. Rad’'al variation of rotor blade-element characteristices.



56

Deviation angle, 8°, deg

Inlet relative Mach mumber, M| Incidence angle, 1, deg

Adiabatic efficlency, N

Total-preasure ratio,
Ps/P,

NACA RM ESTBl2

1
2
“x\g‘ [ ISR ‘S S NN A S
4 =F
P~ L. ... .Mods of aperation -
[~
. T [s) Max. welght flow (min. back pressure)
[¢] Lo o 8 Near max. efficlency ]
E Min. weight flow {near compressor
0 surge or limiting turbine-inlet -
temp.}
o] - -
— — — — Dasign (ref. 1)
— — =—— Min.-loss 1 and &° computed from
1gf method of ref. 9 -
L ; .
Q ~
™~ d *
™~ . ..3 g
I~ ?g’ ¢ 9
4
S = 9 M-S ——-F+
x g
L 3
o, -3 ii ﬂ? .3
I ” -« 1.0
son
—4 i 0
8%1 O
1.2 B8 .9 ﬁ
b o g —"é_‘ — 11— =1
dc
LE
-~
1.1 o ﬁ/‘, & .8
y -
2 > 8 .6
o
1.0 & ]
P
8 s §f—§= -5 w4 <
Pid H o g ﬁ g
ex-)
A o] l
L~ 4] ”
.8 .28
1.00
im] l-g .24 7.y (o)
m
.90 8. =] s &
a E .20 £
< <
a0 = g ° o
. [e] y (9] had o )74 O
O u
e 8 .16
q o ] o
.70 g R
1.54 § 1
- @ ke lJ
o r;..‘ o
d
1.50 o e £ o8 e
4 4+ J ] —-]—}+ 1 4 a
< H
-t
B
1.46 8 £ # % +04 ju ]
. ° =
v
2 £ El 3
1.42 « 80 80 T 0 [ 102 35 T

Radial blade height, percent
{2) Second-stage rotor.
(d) Continued. Equivalent apeed, 100-percent design.
Figure 8. - Continued. Radial veriation of rotor blade-element characteristics.

121518 4

r!



4358

CJ-8

NACA RM ESTBl2

Deviation angle, 0%, deg

Incidence angle, 1, deg

runber, M

Inlet relative Mach

Adiabatic efficlency, 0

Total-pressure ratio, Po/Fg

12
‘gs__g
8 = = o
$ o —4—
& Mode of operation _
N \\_ 4 Max. weight flow (min. back pressure)
¥ — Near max. efficlency =
=~ Min. weight flow (near compressor
= surge or limiting turbins-inlet —
temp.)
¢ — — — pesign (ref. 1) T
—— - —— Kin.-loss i and &% computed from
12 method of ref. 9 -1
~
\\.‘
\\
4 o E .5
o (o3
STl [Tl o] & g
© N4 g -4 = §
- g 3 gl 1o P 1 5
<) s ! 5 o I
-4 > .3
1.1 w 1.0
L Ol ot & [ L I°
a pr— e = — — o —
L. e R =
) or TI® 4 el & | e |O
T & 53
s o N H] o
-9 - e .8
-
O - 5
> & .
4
.8 5 < N s
£ ol 8] & [¥[ °
1.00 L& -4 Q 4 e
< ¥
&
P R 1 T 0 A B -
I=3 <
< .28
.80 = 8
[ ot o
Q o 8" 24
° £
.70 ]
° 3 ]
g .20 14 o)
.60 4 /ﬂ\
- (3
1.48 3 .
[
< g
1.44 — 111 s 12
T T T 5
4 iy el 4 | ©
[5] E =
1.40 L 3 . i
ol © 1 ¢ s 08 o
A B
- i
1.36 = iy = .04
=
o) 2 S O =~ O
= g
(0] -
1.32 £ Q L 2 I3
o 20 40 [ 80 100 o 20 40 60 80 100

Radial blade height, percent

{3) Third-stage rotor.

{d) Comtinued.

Figure 8. - Continued.

Equivalent speed, 100-percent design.
Radial variation of rotor blade-elenment characteristics.

57



58 SNSRI NACA RM ESTBL2

Mode of operation
o] Max. welght flow (min. back pressure)
] Near max. efficiency
& Min. weight flow (near compressor
0 12 ~---- surge or limiting turbine-inlet
2 temp.)
o 4 — —'— Destgn (ref. 1) -
© = —— - — Min.-loss 1 and 8° computed from
o 8t method of ref. 9
k) ol |&
g 1= 1 ma i [ PN -6
=] 4 LS
g 3
] i Ny &
- & .5 ™
E A £ fo)
2 ©
a %
12 ? 4 8
8 & ol o [ |1
w0 5
[7] (=3
o 8 S = .3
- ~
o \\ 7o) . 1.1
= ‘ A < ] s
e e
s ¥ 1o b | O ]
3 < 1.0 -
fr a8 O é o
o]
3 ° o .§€; 8| |0
o -
& I e P e B
=] o
-4 §
=0 1.0 .8
g=
— -
2 5 O & -8
i ol g 1a-F| | ¢ &
= o
Eg o gL ¥ & g
© . [u] e gL A o o
—'S o .5 4
= o =1 Q o 4
Al 8 ’— E °
g [1]
g0 o —_— — 4
. c — 3
= K o
=Ty .28
4 Sl & | S
Qo
a3 % a 2 o
27 o 3 g 2 L
b —
L)) 1 -
.70 =
gﬂ‘
1.44 oS .20 o)
y 55 H o
3 i~ Vg S,
§ o i3 °l 8 | J
o @140 i © 8% .1s >
5&; < o g -
@ o o & bt O
D
o
£ 1.36 = < .12 >
i [
]
) 9] aJ
(=] £ Y Q 5
[=1 - el
E .
1.32 £ 2o [ 160 055‘ 20 LY & 80 1do

Radial blade helght, percent
(4} Pourth-stage rotor.
(d} Continued. Egquivalent speed, 100-percent design.

Figure 8. -~ Continued. Radial variation of rotor blade-element characteristics.

8SCF

$i



4358

CJ-8 back

NACA RM E5T7Bl2 SRS, 59
R B e i e e i I T T T T T 1T T 11
% o o Mode of operation -
g N
=3 Q E o] Max. weight flow (min. back pressure) |
5 - & =L 0 - a Near max. efficlency
% “t~l1 A <& Min. weight flow (near ccmpressor
o R surge or limiting turbine-inlet T
Ed -4 temp. )

& 2 -
— — — Design (ref. 1)
. [ —— —— Min.-loss 1 and 8% computed from
o 12 method of ref. §
<
-
€ 8 e s .5
3 = £
: ~1 £
\. o
: . sl gl 11 & g
5 Hi~ M gé% ) Eg d -]
i o O [Os °
o O ™
g ¥ ) e o i s e
= 3
1.0 lc-’1.1.0
P
; N
£ g NIERNR g Y sl d |8 _
O~ a N
:: .9 (e} _U,’ B .9 8
P gl ¢ 9 lor—ig ch
75 © i 23 S
= E ~ 7] 3 a
*;:"-" .8 o .8
5 £ s
® <
7 s =l
- [ v
< ! o3 R
® 1.00 & & 5 e < =
: d o
o <> =1
: .90 — =t — =T === -4
< ' 0 [m [m] 20
g ° °l d ° .
% .80
2 2 .16 o
2 g
.70 ®
g
Bid o
1.38 s . .12 5 ©
3 LB o
5 ae Co R = N =
¥ Le) — o
£ Q O [e] ' -t [m]
0{-'1.54. | °a .08
BN, a 8| 8 o g <
[e) »
2 1.30 o4 5 <
< & '
kS o o = =
= 3 o = b=
1.261F i = < L
o4 20 40 4] 20 40 60 80 100G

80 100 o
Radial blade height, percent
(5} Fifth-stage rotar.

(d) Conecluded. Equivalent speed, l00-percent design.

Figure 8. - Concluded.

Radial veriation of rotor blade-element characteristics.



60

Axial velocity ratio,
Vz, 4/ Vz, 3

Diffusion factor, Dg

Total-pressure-loss cosfflclent, Ew and o

1.2
<
1.1 (&} ©
o | m]
(o] <o 8
1.0
m]
.9
.6
>
a
.5
o)
(o]
.4 > < i
s o
=]
.3
.8
[ 2
.5
8
S011d = @g _
4 =
.5 ®
o
.2 [ ]
.1 4 é ®
MuE - 5
2 &
o] 20 40 60 80 100

Radlal blade heigh

Inlet Mach

Deviation angle, 6°, deg

Incidence angle, i, deg

number, Mz

18

14

10

12

-4

3

.t, percent

NACA RM E5TB12

T T T 1] 1
Mcde of operation

(o] Max. weight flow (min. back
pressure

[} Near max. efficlency

$  Min. weight flow (near
compressor surge or limit-
ing turbine-inlet temp.}

——— Design (ref. 1)
——— Min.-loss 1 and &° com-

puted from method of ref., 9

i o
4
o 1
ol A
yd
ﬁ ///'/
AT "
4
]
g L
~
1
-
<
fa)
8 A~
K1 l!
~-
~ ==
\-
= a
=
° g8l la
v hg
3
20 40 T 8a aa 1

(1) First-stage stator.

(a) Equivalent speed, 70-percent design.

Figure 9. - Radlal varlation of stator blade-element characteristics.

h11%8 4



4358

NACA RM E5TBL2 . S 61

| i 1 I 1T 1 | 1 ]
Mode of operation
O Max. welght flow (min. back
w 1.1 = pressure —
by e o D o o O Near mex. efficlency
8o o A &  Min, welght flow (near _
g =} compressor surge or limit-
a e 10 R fm] b - ing turbine-inlet temp.) J
> t- v L3 > ——— Design (ref. 1)
=y | —-—— Min.-lose 1 and &§° com- _|
Eg puted from method of ref. 8
«
= .9 w 16
@
3 8
.6 -
& B
. 12
£ < o -
g 5 < - -‘;!s a
2. = a— —
a8 S? e (n] : . ) 13 L
= o o S L
E .4 a =+
2 R
=
.3 12
.24 g [®]
§ S _
o - o
§ .20 ] (o]
» ¢ ]
I} - a 4 &
n Solid = =g a g 0
£ .16 S
g 3 -oi |8
3 < 0 2
a 2 8 = 4
g .12 o = T
Q
© -
a er -4
E ®
1 .08 . .6
E ® 830
: o | 2 8 lg
= -~ (@]
~ [Tr=}
3 2 34 g
F3
S = ey = Ei 5
g |3 g ) 2
0 20 40 80 80 10@ [o] 20 40 80 80 10

Radial blade height, percent
(2) Second-stage stator.
(a) Continued. Equivalent speed, T7O-percent design.
Figure 9. - Continued. Radial variation of stator blade-element characteristics.



62

z,7

Axlial veloclty

ratio, Vz,

Diffusion factor,
Dg

og

q

@y an

Total-pressure-long coefficient,

NACA RM ES5TBl2

\ | | | ] 1 | ]
Mode of operation
O Max. welght flow (min., back
_ pressure .
jm] Near max. efficiency
{  Min. velght flow (near
i.1 B compressor surge or limit~ ]
ing turbine-inlet temp.)
w [~ ——— Design (ref. 1) o =
8 o ~—-— Min.-loss i and B com=- 3
1.0 o> (o] . 18 puted from method of ref. 9 -
& o 2
w] [m| =} ﬁg
< -
< 4 14 ad
R-2
2 Aia p
@ L . —1
5 - Py g
o < 3 IR PR N Py
o 2 10 ’g
=
o L
.4 o) A — &
@ (o) -
[
.3 w- O r———
'g T/~ 1TF -_—
.20 - -
- T~
<
¢ -4 =
‘i -
.18 — H < o
Solid = @g o o] o
a _g Py
5 M o
.12 rY o "é < P
5
-l2
.08 E; 6
?’ i o~
o & % ax
.04 v as .5
n ﬁg [ £ | & 8
s | 2 o A 3 z
B [ 4 [
o] 20 40 60 . 80 100 B ] 20 40 60 80 10

Radial glade height, percent
(3) Third-stage stator.
(a) Continued. Equivalent speed, 70-percent design.

Figure 9. - Continued. Radlel variation of stator blade-element characteristics.

15345 4



4358

NACA RM ES5TBl2

Axlal
velooity

ratio,

Vz,10/2,9

D

Dirffusion factor,

g

d

oy &

Total-pressure-loes coefficlent,

b ) 63
T T T T T T T | S—
Mode of operation
Max. welght flow {(min. back
B pressure) _ w16
[m] Near max. efficiency ] ﬁ
O  Min. weight flow (near © O _
B compressor surge or limit- ] o" +
ing turbine-inlet temp.) © /g” o
[ — ———Design (ref. 1} ° n s 12 1= 4
——-—MHMin.-loss i and &° com- = T L
- puted from method of ref. 9- g — e
1.1 8 s = &
4 8 g a | d
2 t
8 ¥
1.0 3 4
. op—r—
S - F o i
< . w0
& é d |o g
. - -4
3 o) | O 3
i g
.2 g -8 8 r
© O o
.16 a
=1
3 ol & KBl
* g
Solid = &g & g b
.12
-16
.08 l. .6
i g
H o :
.04 C £ £ .5
2
5 EE 3 5
£ = o a2,
2 z LB 1 z
o} 20 40 60 80 1 20 40 50 80 1

00 4]
Radial blade height, percent
(4} Pourth-stage stator.
(a) Continued. Equivalent speed, 70-percent design.
Figure 9. - Contimued. Radlal variatlion of stator blade-element cheracteristics.

Ql
[



64

Axlal veloeity
12/V2,11

ratio, Vz’

Diffusion factor,

andu:s

Total-preasure-loss coefficient,
)
W

NACA RM ES5TBl2

18

T T L T L] 1 T T )
Mode of operation 2
Mex. weight flow (min. back o_; ©
- pressure | 14 =
|} Near max. efficilency P - 5
< Min. welght flow (near — B
3 compressor surge or limit- - - Pl .Y/ B o
ing turbine-inlet temp.) & 1 8 - =
f —— — — Design (ref. 1)} 1 § 10 -
— -— Min.-loss 1 and ©6° oom- b} - o]
3 puted from method of ref. S-4 3 [
1N
1.1F & & <
(o}
o - =F 1.
1.0 Ia] -1 -
=] - [#]
® 8 e
1> =4
.9 w
@
L
.3 . ™8
ﬁ ol
= P
.2 3 g -12 5
8 <&
g
<
.1 o -1s ]
& a o
.18 —T— P
Solid = ag ) [m] o <
L 4 * ~20 o v <$ o
.12 & ¥ N ©
= -2¢
.08 -& .5
’ o
O
o4 o 2. & § £ Q
. < & .4
g 2 $3 =
2 - -gg
g a "F L8 g
o 20 40 60 80 100 ol 20 40 60 80

31994

Radial blade height, percent
(5) Fifth-stage stator.
(a) Concluded. Equivalent speed, 70-percent design.
Flgure 9. - Continued. Radlal variation of stator blade-element characteristics.



4358

«CJ-9 »

NACA RM ESTB12

5

Axial veloeclty
»

Diffusion factor, DS ratio, Vz,

and &g

Total-presayre-loss coefficlent, [

65

Mode of operation -
1.2l O Max. weight flow (min. back pressure)_|
* a Near max. efflclency
el Min. welght flow (near compressor
surge or limiting turbine-inlet .
fo) temp.)
1.1 @ =1
: 8 [m] ——— Design (ref. 1)
—-— Min.,-loss 1 and &° computed from J
o < method of ref. 9
1. 20
- w =
]
. 16
. - 7
8 < 8 . A
® i2 o e
< 9 ]
.3 g g e
Q -
) J,_.D 8"_ -
_:ii 8 7
> A
.2 & 8l |-
-
.24 8
w 8
Q
® <
- 20| -
Solld = -
° b rat e 4
- g (o]
.16 g’ jv §
© ~— .
g 0 ——
[T —]
.12 o i
° a0
<> o -
.08 n [ | ]
x g2
o—-31 8 .0 18 g
° o 32 ’ el 8 [ 8] B
Q &q =1 E =
g g pE g
Q 20 40 80 80 100 Q 2 40 60 80 100

Radial blade height, percent

(1) Firat-stage Btator.

{b) Equivalent speed, 80-percent design.

Figure 9. - Continued. Radial variation of stator blade-element characteristics.




66

Axial veloclty

ratlo, Vz,

sure-logs coefficlent,

Total-pres

2,5

Diffusion factor, Ds

and @ s

@y

NACA RM ESTBl2

Mode of operation
- B
O Max. welght flow (min. back
5 pressure) h
1.1 o o O Near max. efficlency
$  Min. weight flow (near
[« o
< o I F compreagor surge or limit-
/Q\ a L o ~ ing turbine-inlet temp.)
A 4
1.0 v A4 v - —— — Design (ref. 1} 7
— -— Min.-loss i and 8° ocom-
- puted from method of ref. 9
=
.8 w16
k) af
.8 -
X <
5 g > E 2 = —
. ——=— =T —
[m} O ) -+
= § 8 < I Lt
o | o “l g 2 > -
.4 3 o) s —=
& 3
o) 4
[e
.3 w B
2 <
. . >
N o
- o B
Solid = og = o
.16 g &
= al |8
s o—— m|
E [o] o W _1 il I [e)
.12 k! ] <
o E -
® -4
.08 > aen . .7
Nt 2 Ty
< R
.04 B g ) .B
& v 8 e
. 2E el o
F- o == 2 e
2 g 2 3
-.5
[s) 20 40 60. 80 100 o] 2 40 . &0 80 100

Radial blade helght, percent
(2) Second-stage stator.
(b) Continued. Equivalent speed, 80-percent design.

Figure 9. - Continued. Radial varliation of etator blade-element characteristics.

8527



4358

«CJ-9 back

NACA RM E5TB12

Axial velocity

ratio, Vz,

Total-pressure-loss coefficient

o, and E‘S

2,7

Diffusion factor, Dg

™)
.
[

(=
(=]

.
w0

.
[

(3]

'S

.20

.16

.12

.08

67

l I | 1 ] l T 1 I
- Mode of operation
9] Max. welght flow (min. back
= pressure —]
0 Near max. efficiency
(o) | &  HMin. weight flow (near _
@ [+] compressor surge or liimit-
8 & o o ing turbine-inlet temp.)
< - ——— Design (ref. 1) ]
O | —-— Min.-loss i and 8° com- |
w 18 puted from method of ref., 9—
@O
3 Q
- o
%
14 o
N L~
< a9 £
of Jo| & | g —-+1="
o 10 -
of |51 m H § =179
@) m] 2 e g
[} o s
(o] a ¢
w O e —
g —+ L _[,
—
\ o - -4
'é.! A =
Solid = * o - o
) @ o [m}
Q -8
g m@ U
2 (o]
K| a
[ 5 o
7— -i2
]
- .
[ ] g F-: *
L Q
At |a =
a o
2 . ] HE 4|2 8 |l &
20 40 [ . 80 100 o] 20 40 80 [Zd 1

Radlal blade height, percent
(3) Third-stege stator.
(b) Continued. Equivalent speed, 80-percent design.
Figure 8. - Contlnued. Radial variation of stator-blade-element characteristics.




Axlal veloclty
ratio, V; 10/Vz,9

Dirfusion factor, DS

and ES

sure~loss coeffilcient,
W

@

Total-pres

— ] NACA RM E5TB12

Mode of operation
1.1 i (o] Max. weight flow (min. back
Fa o é 8 pressure}
> B @ - ] Near max. efficlency
[o} m o & Min. weight flow (near
1.0 o compressor surge or limit-
a ing turbine-inlet temp.)
[ — — — Deaign (ref. 1)
, — -— Min.-logss 1 and 5% com-
.9 @ 18t puted from method of ref. 94
o
s ’ o
) o
<D> 19: 14 ﬁ‘ —1:'——
1o+ ) o S TR B P
8 $ 9 a -t | —
ju} m £ 10 P
o g g ]
o] Ag = -
3
o 3 <]
8 6 &
2 g © T— - —— 0
L=} B [ =
.20 . —+
L B s
s -
Solid = @g & © o
.16 & e s
° o <
o ] [m]
£~ =
® 3 °
A2 g o]
n A oqel ° p
.08 .5
. } 1 Ei? ©
1 s gl lo Q
.04 fet b
3 38 16 S8
B » G é
) & 2 H ] ]
8 sl 7 B z
[+] 20 40 80 a0 100 Q. .....2Q _ 40 60 80 100

Radlel blade height, peroent
(4) Pourth-stage stator.
(b) Ccontinued. Equivalent speed, 80-percent design.
Figure 9. - Continued. Radlal variation of stator blade-element characteristics.

85e7



L

4358

NACA RM ES5TBl2 L

r T T T T T w 20
Mode of operation 3
i o Max. weight flow (min. back o" m
pressure} a .
B [m} Near max. efficiency b . 16 ©
©  Min. weight flow (near o o 8
L compressor surge or limit- - » r
ing turbine-inlet temp.) o [ ol
— +- L=
2 lapbp———— Design (ref. 1) 7 § 12 [¢] - -]
e — o= Min.-lose % and &% com- bt g e N
g% 3 puted from method of ref. 9 .E —I= > 4]
- -
gbu 1.0 (Y I 5 8 8
- - O [o) 8 <
CE > £ ) 9]
33 < B e i e 8 S (O
= .9
<
g -4 AV g] —4
2 < <o <
& Lol -
g w .3 o - -8 =)
on M [m] o
o g -
a (@} % o <
a <
= ° 0
a .2 g =12 - m] °
£ 16 = g
<3 * ]
° ® B 0 m
3 - ~ -16 5
a Solid = g o
<
"] 12 o d
o =
olg
a. L J -20
8% o =
Tl £
g . L o
H . s (8 g
.o £ s
1 ' & [} (o}
E o - = &2 E'g r a g B N o
E Ele g Ef B g |
o) 20 40 80 80 100 4] 20 40 60 80 1

Radial blade height, percent
(5) Pifth-stage stator.
{b) Cencluded. Equivalent speed, 80-percent design.
Flgure 9. - Continued. Radlal veriation of stator blade-element characteristics.



70

B,3

Axial veloclty

ratio, Vz’

Diffuslon factor, DS

sgure-loss

Total-pre
coefficient, o, and ag

NACA RM ESTBl12

Mode of operation
o] Max. welght flow {min. back
pressure)
[m] Near mex. efficlency
<& Min. welght flow (near
compressor surge or limit-
ing turbine-inlet temp.)
— — — Design (ref. 1)
1.2 —— - — Min.-loes 1 and 6° ocom- 18
puted from method of ref. 9
0
l (o] g 3 @ b4
o
1.2 S 3 . 14 pui
o
s S| ® o > R
o z
— 4~
1.0 % 10 ,/_Ql
A I ) P ]
.5 8 A
bl - Lo P
3 6 Al P (=
= [ 1
.4 o -1 -
o) e 2
3 ° 5; - 4
: . (2} < [
o g ]
i | 3
.2 49 of— Bt
5 g s—-8..
.12 3 T
]
ek > B
Solild = o,
3
.08 : 8 o
o
. uE
’ R
.04 8
93 55 - ©
B ' J &L ol Bl
8 5 RE 7
o] 20 40 60 80 . 100 o] 20 40 60 80 100

Radial plade height, percent
{1} Pirst-stege stator.
(e¢) Equivalent speed, 90-percent design. i
Figure 8. - Continued. Radial variation of stator blade-element characteristics.

8sey



4358

NACA RM E5TB12 P

T T T 1 i 1 1 P
Mode of operation
lo) Max. weight flow {min. back
pressure)
0 Near max. efficiency
& Min. welght flow (near
comprassor surge or limit-
ing turbine-inlet temp.)
— — — Design (ref. 1)
~——=—— Min.-1lo8s 1 and B&° com-
puted from method of ref. 9
w .l 18
. 4 w0 u
2 a N @
CEES 8 8 8 8 s 2
5-3-5 - = b O‘
o f & ©
>k 1.0 . 12
2 B
i : =T =
2 11 PN 5 o . 2 e
= o b S L~
c 4 « .
&4 ° 3 3 1 7 |¢
e g - & ¢
& =]
(o] (o]
a .3 e 4
B
E; .16 g %ﬂ PN
© ¢34 &
- — 31 b i Sy ]
2 Solld = og £ o o — ~ 4
& a2 .- b= o
S m 2
olg Ho 4 o
fe il B
g8 -08 T
: ol o
o |
gi” ° . = o) g= a
= = f: 6 A E B ﬁ
= -04 FLITY - ~ o 0
B o
d = 58 ry B
£ 8 z B z
[o] 20 40 80 80 100 o] 20 40 860 80 100

Radial blade helght, percent
(2) Seccnd-stage stator.
(c) Continued. Equivalent speed, 90-percent design.
Pigure 9. - Contimzed. Radiel varlation of stator blade-element characteristics.



T2 SN NACA RM ESTBl2

! ! Mode of Bperhtioh
[a) Max. welght flow (min. back
pressure)
i jm] Near max. efficiency - 0 S e
[ Min. welght flow (near 3
compressor surge or limit- - Ll
ing turbine-inlet temp.) o” <&
© -
~ 1.1 ——— opesign (ref. 1) 7 . 14 —
- R 1] 3 -
P ~—-— Min.-loas i and. 8° com- . - . —T
oe puted from method of ref. 9 ® ——
o\b o o = =T b~
FRCE! &1 9 S £ 1 "%
B 0 33 P 48 N4 o P
- = = i3] b ~
L 3 ] r
B2 2 17
[ .9 A &
& .5 = w
o I o
© B © - -
& IR S 3 ==
B 4 < o Q & -4 > O
=t —t
a 1)) <> =
[ o o]
e} 8 D
A 3 g -® o) aj
T m 0
.12 x] o
o!€ n ¥ & @ o}
8o = =12
i g 80114 = Os
-
?-’u o8 Lv) o7
alg” L] ¢
@ oo~
2 * §*
aa % < 2. o
'S .04 < -] 8| = B o)
ae v o O o
s & -;_IE < $ & o]
[ SR~ £=} 24 b e O [}
g b 3 sl 3
o} 20 40 . 60 40 60 80 100

Radial b]iqac.’de_ height, %é’i-cen'ti
(3) Third-stage stator.
(o) Continued. Equivalent speed, 90-percent design.
Figure 9. - Continued. Radlal variation of stator blade-element characterlstios.

8GCY



4358

CJ-10 ¢

NACA RM ES5TBl2

Axial veloclty
retio, Vz'lo/vz’9

Diffusion factor,
Dg

g

and

W

Total-pressure-loss coefficlent,
@

[
.
[

(=
.
(o]

.4

.3

»
[
o

.12

.08

.04

T3

- Mode of operation —
. © Max. weight flow (min. back _|
pressure)
jm] Near max. efficiency
— ¢ Min. weight flow (near n
compressor surge or _limit-
= ing turbine-inlet témp.} — w 18
L]
| ~—— Design (ref. 1)} 4 © E
—-— Min.-loss 1 and B8° com- o™ ™
puted fram method of ref. 9 © m}
— = - 14 P it
gl | lo g LSt -
& £ w — ]
g g g B o _¥
10 3
; -
".'; prarl_l la
i 8 4
a &
—— 4
A < .
A\vg m| w0
o < N g
o]
= ] - —]= ] =
(o] fal . ™ o —t
o o 3 < B
g -+ g 3
m
3 2 =
g 1F
Solil @ g - <
olid = o a
S E‘ (o)
[«
-17! S
n
- = 5
§ 2 =
S poatb
$ v.8=
a [ la —_ 2
]l ol ¢ 8 El e 8 B8 [§]8
20 40 60 80 100 o] 20 40 80 80 100

Radial blade height, percent
{4) Fourth-stage stator.
{(c) Continued. Equivalent Bpeed, S0-percent design.
Figure S. ~ Continued. Radial variation of stator blade-element charascteristics.



T4 R NACA RM ES7B12

T ~T T T

-
&

T
Mod; of‘ope;'a.ti:m w 8
—— o] Max, welght flow (min. back 8 >
pressure) . df -
. 8 Near max. efficiency < 12 = in
Min, weight flow (near 1 b A=
L compressor surge or limiting ¢ —S 1T 1= =]
furbine-inlet temp.) - [ 5
3 — — — Design (ref. 1) g . °
. 1.~ —a~— Min.-loss i and 8° oom- : & o >
3E%J puted from method of ref. 9 5
g b ]
-
' o 3
>p  1:0 [o) g A
CE 8 o < 0
évg O P K .—-—_J..,__‘_-‘ 8
2] 9. 0 [ =
P
Hy
£ -5 . Tt
S <& - o) (o)
15 - =) .
& 3 & N o o} &
9 4 ¥ -8
gﬂ fo) a ﬁ
Enl
5 _ o <
g ° : -
< o ] 2 o (m) o
a .3 8 a2
. & ol ¢
.1
u)g’ s
7 Solid = @y ' -16
:
gd .08 &
2 =
Qs —
£ . o g
a8 gy | .5
45 ® £ . 8 8 0
I e ¥ = fE kB &t
[
E s 2 =% LB E
g Q 20 40 60 8Q . 100 0 20 . 40 60 80 100

Radial blade height, percent
(5) Pifth-stage stator.
(c) Concluded. Equivalent speed, SO-percent design.

Flgure 8. - Continued. Radial varlation of stator blade-element characteristics.

8ae¥



4358

CJ-10 Back

NACA RM ESTB12 S———

Axial veloelty

ratio, Vz
’

o8

Total-pressure-loss coefficient,

Diffusion factor,
DS 2,3

d

mwﬂ.'n

75

T I T I I | T | ] 1
Mode of operation
[ fe) Max. welght flow (min. back
pressure
— m] Near max. efficlency
& Min. weight flow (near
— compressor surge or limiting
turbine-inlet temp.)
—— — — Design (ref. 1} w 16
—— —— Kin.-loss i end &§° com- © A
| puted from method of ref. 9 < ~
| % 18
1.1 & > T =
¢
o g B o /5 I
] ¢ o
1.0 £ 8 = <
<1 g &
] 7~
“ s QO +
¥ g~
d s
Tl Bl g[8 g
O <
(o) 3 A
.2 - (¢} =
o T
~— P o
.16 E’
o _, A > < o)
Solid = &g ° g =1L i b =
.12 : S
2 ° o ° o
A -8
*
.08 v's » .8
|| [
. ry | = oL N
E -
.04 4 LE .7 g =) W
& 8 25
-
cH 8
o G =1 o ﬁ a
g ] &l P
8] 20 40 60 40 &0 80 100

S.gdia.l %ggde height ,opercen%o
(1) Pirat-stage stator.
(@) Equivalent speed, 100-percent design.
Figure $. - Continued. Radial varlation of stator blade-element charecteristics.



Axial velocity
ratio, vz,a/vz,s

Diffusion factor,
Dg

&g

and

W

Total-pressure-losg coeffieient,
®

wlE———" NACA RM ES7B12

I T T T T T T T
Mode of coperatlon
(o] Max. welght flow (min. back
pressure
8 Near max. efficiency -~
Min. weight flow (near
compregsor surge or limiting —
turbine-inlet temp.)
1.1 — — — Deslgn (ref. 1) —
o Q ol — - — Min.-loss % and B° com-
_____________9______ puted from method of ref. 9 _|
O & o @ ©
1.0 w 14 9
O «
< oy
o o]
-9 g 10 IJ1 p— -T‘
.; =" ol 4~
— () P
.5 g — <
-
& g ‘//.
8 L I 1P
. % 2 L2l
- O L™=}
ol 1] ¢ | M B
© =) [e] A 2
(o]
A g 4-‘
.20 -
Lal
- o —— o
s & 3 ° ™ a
olid = =
.16 s : %" N A o=
. it
§ -4 W o)
12 o 154 1)
. > g S &
-8 o
L
.08 s T £ .8
3 c S W0
.04 <> ? * g £ 7 % 8 ﬁ e}
53 °
2% 5
= E R o 2
3 g I £
[o] 20 40 6Q 80 100 Q 20 40 60 80 100

Radial blade height, percent
(2) Second-stage stator.
(d} Continued. . Equivalent speed, 1G0-percent design.

Figure 9. - Continued. Radlal varlation of stator blade-element characteristics.

2 4



4358

NACA RM E5T7B12

v
z,7

Axlal veloeit
ratio, V, a/V

Diffusion factor, Dg

t,

@y and og

Total-pressure-loss coefficlen

U T T T T T T 1 1T 1
Mode of operation _
o Max. weight flow (min. beck
pressure) ]
m| Near max. efficlency
< Min. weight flow (near
compressor surge or limiting
turbine-inlet temp.
1.1 o) ~— — — Design (ref. 1) -
—— ——- Min.-lose 1 and &5° com-
Q o) puted from method of ref. 9 —1
— L J_® _10O] _1_L
1.0 O o w 18
g g8 % o §
A4 -
o] .
q © 14
-9 - & ~1
. g T
° g t— e — -~ T
£ I
3 o~ EF
5 < 2 ar—8
. 0 ¢ PR v
Q> < 8 6
[m] N4 o
g f a
.4 o]
w0 — - - =
I I O § —J_1 o
o < O~ -
.3 ° 'y
- oS fod
.16 2 0
® <
X 4 g & <
Solid = ES g | o e}
.12 3 o Fan)
[ o (o)
=1
LS, §-
.08 Y H <
= (o]
¥ £ I 1° B
.04 =) ﬁ s .
g i3 B
a S o H a O B
2 g I g
o} 20 40 [1s] 80 10

o}
Radial blade height, percent
(3) Third-stage stator.

(d) Continued. Equivalent speed, 100-percent design.

Figure 9. - Contilnued.

Radial variation of stator blade-element characteristics.




T8

Total-pressure-

Axial veloclty

loss coefficient,

0/vz,9

ratlo, Vz,l

a, anaEs

Diffusion factor, DS

NACA RM E5TBl2

rrTrrJrrrriF
— Hode of operation to
le] Max, welght flow (min. back b A
[— pressure) o~ 16 [v]
jm] Near max., efficiency o A
— O Min. weight flow (near . -
compregsor surge or limiting G e U/\
| turbine-inlet temp. S 1
? 12 — - P -
— — — Design (ref. 1} 5 > 4
| — —— Min.-lose 1 and ©6° com- g - [a]
puted from method of ref. 9 S Py =
5 4~ d
1.2 .g < s
& o
1.1 5 O 4
s
P
8
Bl g B 18 1L _|_ o
1.0 o ]
3
.8 -4
oy
‘;‘ o
2
.5 o ] £ O
ha = o —lo- 9
a D < D —~—r—
I+ -
-4 Q 3 % 2 - B N
Qo
o o] 5
[®/
(@]
.3 -
.08 T T
= Solid -' ag q
L=
* o 5
.04 ~ .8
£ 8 8 I3
2 of 25 a g Bl
£ o 52 |2 z
o z Z &0 85 100 - 20 0 60 80 10

Radial blade he-ight, percent
(4) Pourth-stage stator.
(d) Continued. Equivalent speed, 100-percent design.
Figure 9. - Continued. Radial variation of stator blade-element characteristics.

v

85EY



4358

NACA RM E5T7Bl2

Axial veloclty
2/V. z,11

ratio, Vz,1

Diffusion factor,
Dg

g

Total~pressure-loss goefficlent,
oy and

TS

T 1T T T T 1111 =
)_ Mode of operatilon w <
o Max. weight flow (min. bacic 3 o
— pressure -~ 18
a Near max. efficiency %
[ O Min. weight flow (near
compressor surge or limiting o
B turbine-inlet temp.) ',5._5 1 & o
— — — Design (ref. 1) & | 1
| — ——— Min.-loss 1 and &§° com- o O . _O -
T puted from method of ref. 9 2 | R VA Ry o
e por
1.1 3 10 =t
~
1.0 e N T e S S e 8 .
[m|
@ 8 o g
s g 15
‘ <o
.6 8
< &
>4 % O
. o 1.1 4 o |o L
o 1 ] ° 3
o ) @ e
.4 2 o =
° — ¢_|d
2 2 ~ -
* £ < ~
3 -4 £}
Solid = &g 2 o
.16 N [ = o Q
° | < -8
1o <o o ()
< | _1p
- 3
al fo)
.Q & ' I .8
ad
=
2 §< o
.0 .5 <3 & -
<4 e 5] o
< wE
a g A H B o 12
5 E A E =
o 20 40 60 80 100 4} 20 40 80 80 10CG

Radlal bdlede height, percent
(5) Pifth-stage stator.
{(d) Concluded. Equivalent speed, 100-percent design.
Figure 9. - Concluded. Radlal variation of stator blade-element characteristics.




80 4R NACA RM B5T7Bl2

42

38

N

30 \\

\
g% \\ N \
g \\ \ \\
d b N AN
ANRNINAN
L NN

AN
\\\::j::\\\\ Rotor

o

‘\\\\ \\\\\\\\\~Second

14 S~ \‘ Third
Fourth
N~JFifth

First

7
/

I

Hub
= Tip /]

10 - —
0] 20 40 60 80
Redlal blade height, percent
(a)} Rotors.

Figure 10. - Radilal distribution of blade camber angles.

8se¥y



4358

‘CJ=11+

NACA RM E57B12 ol EERE—. 81
56 Sta?or
Third | ——
—— ]
T -l
Fourth | |
52
I Fifth
) B—
3 T
=3 ‘\~\\\\\§Ef?nd
[ir [—
— 48 T
g \\\ -
o
g
NI
(] \ /
[~ TFirst
fé iy
40 =]
0 20 40 60 80 100
Radial blade height, percent
(b) Stators.
Figure 10. - Concluded. Radisl distribution of blade camber
angles. '



82

Total pressure, P_., in. Hg

4 NACA RM ESTBl2 _
42,
—
N
\ T :
4 \\ [
28 \V/
36
(a) First stage. Distance from inner wall, 0.186 inch; spac- .
ing, 1.209 inches; static pressure, 32.01L inches of mercury.
60
17 / A / \\ /
56
0 .4 .8 - 1.2 1.6 2.0

Circumferentiel distance, in.
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Figure 1ll. - Circumferential variation of total pressure meas;- -
ured at exit of stator blade row. “Equivalent speed, 100-
percent design.
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Figure 13. - Radial variation of entropy measured hehind sash blade row of five-stage transonle compraesor.
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Pigure 15. - Comparison of radiel distribution of meesured axial
velocities with axial veloclties computed from simplified-radial-
equilibriux equations,. Equivalent apeed, 100-percent design;
operation at design pressure ratio. (Outer wall constant at 10
in.; iw = inner wall.)
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Figure 15. - Concluded. Comparison of radlal dis-
tribution of measured axlal velocltles with axlal
veloclities computed from simplified-radial-
equlilibrium equations. Equivalent speed, 100-
percent design; operation at design pressure ratio,
(Outer wall constant a2t 10 in; iw = inner wall.)
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